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I. Introduction 

Flight beyond the atmosphere—whether by guided automatic rockets or by 
manned ‘‘spaceships’’—involves the solution of problems in almost every field 
of engineering, and the rocket designer will be merely one of the specialists who 
will contribute to its achievement. Scarcely less important will be the electronic 
engineer, who will be required to solve major problems in communications, con- 
trol, position-finding and telemetering. This paper is an attempt to discuss some 
of these without, however, going too deeply into circuit detail or mathematics. 

Strictly speaking, “electronics” is concerned only with the movement of 
electrons in various types of circuit, but the word is now often—if not generally 
—used in the much wider sense of covering all applications of radio. In this 
discussion I shall extend it to embrace the entire electromagnetic spectrum, and 
will in fact spend comparatively little time dealing with physical circuits alone. 

Combinations of valves, photoelectric cells, cathode ray tubes and other 
electronic devices, as is well known, can be set up to perform an enormous range 
of operations from splitting atoms to cooking hamburgers, from guarding 
jewellers’ windows to guiding aircraft through fog. In fact, it is probably true 
to say that electronic circuits can be devised to carry out or control all activities 
except those termed “‘creative.’’ Circuits with memories, circuits with powers 
of discrimination and selection, circuits capable of making judgments in very 
complex situations, have all been produced in recent years and many were 
employed during the War. Given a specific problem, the electronic engineer 
can almost always produce an answer. Sometimes it is the only answer: e.g., 
no-one is ever likely to invent a steam-driven television set made entirely from 
gearwheels and levers. Sometimes there are alternative solutions: for example, 
there is still a lot to be said for the acoustical gramophone. Occasionally, what 
the electronic engineer takes fifty valves and a sackful of resistances and 
condensers to do, someone else can perform with three cogwheels and a piece of 
string. Even here, however, the electronic engineer frequently has the last 
laugh, because his equipment is extremely flexible and may often be used for 
several other purposes as well. Also—string wears out much more quickly than 
a well-designed and well-built circuit, so a complex electronic device may some- 
times be preferred to a simple mechanical one. (It is however very difficult to 


decide when!) 
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I would like to stress this point. Reliability will be of paramount import- 
ance in spaceflight, as it is in aeronautics to-day, and for even more urgent 
reasons. The fact that when anything goes wrong with an aeroplane it falls 
back to Earth again, is a great though uSually overlooked advantage. It does 
at least give the occupants a sporting chance of reaching safety—and much 
more than that, if they have parachutes. ° But a disabled spaceship would be 
liable to recede to infinity together with its unfortunate crew. 

Electronic circuits have now been built to operate when making 600 
revolutions a second, while being fired from a gun at 20,000 gravities. This 
acceleration is nearly a thousand times that at the surface of the Sun, and five 
or ten thousand times that ever likely to be used by a manned rocket. These 
remarkable achievements have been made possible by the development of very 
small and hence very strong valves, and by the use of circuits which are solid— 
indeed compressed—masses of wiring and insulation, so that no breaks or 
mechanical faults can occur. When these techniques are fully developed, it 
will be possible to employ, if the need arises, circuits of any degree of complexity 
with the assurance that no failures will occur. A modern battleship may have 
ten or twenty thousand radio valves functioning when it goes into action. A 
spaceship, which has to carry out more complicated functions though not so 
many of them, may well require circuits containing two or three thousand 
valves. Even to-day, the V.2’s fired from New Mexico take up something like 
a hundred valves with them in their telemetering and control circuits. 

I propose to divide this discussion into two parts, the first dealing with the 
“circuitry” which might be needed inside space-rockets (manned or unmanned), 
while the second and larger will consider the various external radio, radar and 
optical devices which would be employed for communication, navigation or 
other purposes. 


II. Internal Circuits 

I1.1. Power Supplies. Small rockets would employ storage batteries for their 
source of electrical power, and would use motor-generators or valve inverters 
when alternating current was required. For spaceships, the 1,000 cycle/ 
second alternating current circuits developed for aircraft use would seem very 
suitable, since rectification and transformation can be carried out with small, 
light components. I do not know how high the mains frequency can be pushed 
with profit, but somewhere at the bottom of the radio range so much radiation 
leakage will be occurring that the process will have to stop. At a guess, 5 
kilocycles/second, or a hundred times the present British grid frequency would 
seem to be a reasonable ‘‘ceiling’”’ for a spaceship’s mains. This would make 
possible the elimination of electrolytic condensers—perhaps the cause of more 
trouble than any other component—and would make possible very light and 
compact power units indeed. 

II.2. Instrumentation. A spaceship would need at least as much instru- 
mentation as a modern airliner. Fuel gauges, pressure and temperature 
measuring devices and many other instruments would be required. The fact 
that the motors would only be operating for ten minutes at the most during the 
whole of a voyage would, however, eliminate many of the dials and gauges that 
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make the engineer’s position in a large bomber so impressive. But the arrival 
of an atomic drive, with its need for safety controls and radiation detectors, 
would more than redress the balance. Few of these instruments would need 
continual attention ; they would be coupled to automatic warning devices which 
would give notice of any fault or breakdown. There would, for instance, be 
an air-warning indicator which would attract the crew’s attention in no un- 
certain manner if the pressure or composition of the air supply deviated from 
the safe limits. Since all these devices are quite orthodox and, in some form or 
other, in common use to-day, I will not discuss them in any further detail. 

As automatic rockets are developed for the exploration of the upper atmos- 
phere and beyond, a whole range of measuring instruments will be devised to 
control radio transmissions so that their readings can be recorded at ground 
stations. Pirani vacuum gauges have already been used for this purpose in V.2 
rockets, and we will return to this important subject later. 

II.3. Computers. The navigation of spaceships will involve mathematical 
calculations of a very difficult kind, as anyone may see by glancing into a book 
such as Ballistics of the Future or one of the early German treatises on the subject. 
All the preliminary computations, it is true, will have been carried out months 
before the start of a voyage, but emergencies may make it necessary to change 
an orbit once a ship is in space. Moreover, the time will undoubtedly come 
when spaceships will cease to travel like trams on carefully predetermined 
cotangential paths from orbit to orbit, but will have enough energy reserves to 
make interesting detours should the need arise. They will therefore require 
computing machinery which can at least deal with the simpler types of 
manoeuvre. : 

A good example of this is the famous operation of transferring equipment or 
personnel from one rocket to another in space. It would be quite easy to do— 
once the velocities of the machines had been matched. But to achieve this the 
pilot must first solve an intricate dynamical problem and must then derive a 
suitable approach orbit in three dimensions. In many cases one might be able 
to tell at a glance that the manoeuvre was either possible or impossible, but not 
even Gauss, perhaps the greatest computer who ever lived, could say just how it 
would have to be carried out. 

We see, therefore, that what at first sight seem to be routine manoeuvres may 
demand very heavy mathematics, and no doubt in the future there will be a 
great development of calculating machines to deal specifically with such 
problems. The fire control and prediction equipment now used on battleships 
and heavy bombers contains many of the features needed for this purpose. 
Extreme accuracy would not be required in most cases, since the problem could 
be continually re-solved as range shortened, and additional course corrections 
could be applied at any time. The main requirement would be speed: one 
would wish to know an answer to an accuracy of say one per cent. within a few 
seconds. Electronic computers are ideally suited for this sort of work, and the 
basic units can be quickly set up to deal with many different types of problem.* 

The final stage in the approach by rocket power alone to an airless planet 
gives perhaps the simplest example of such a problem. This is a manoeuvre 
which could be carried out intuitively by a skilled pilot, but the expenditure of 
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fuel would probably be heavy as he would almost certainly tend to overbrake. 
An automatic landing computer would be given the ship’s altitude and velocity 
(we will see later how this could be done) and from these it would calculate the 
final velocity and the time of impact if no braking was employed. It would 
then have to compute the amount of fuel needed to neutralise this velocity, and 
the last moment to which firing could safely be delayed. The answer would 
probably be applied directly to the controls so that the landing—except 
perhaps for the last few meters—would be automatic. Such a computer would 
have to solve a few simple algebraic equations of the first and second degrees and 
would be much less complicated than, for example, the gun-laying equipment in 
a superfortress. This is far too specialised a subject to go into here, but in 
general it may be said that all ordinary mathematical operations can be carried 
out by systems of coupled potentiometers and specially designed amplifiers.*.* 

II.4. Trainers. For completeness, we should mention one subsidiary but 
very important class of equipment which will never go into a spaceship and 
which, indeed, might even be dismantled before any voyage began. Just now 
I used the optimistic phrase ‘‘a skilled pilot” and it might well be asked where 
one obtains such a paragon, particularly in the early stages of the art. 

In order to train the crew, it will be necessary to build what are known as 
“flight simulators” which can reproduce artificially the conditions liable to be 
met on any given journey. Equipment of this sort was used extensively during 
the War for training bomber crews and radar operators. Physically, it would 
consist of a fairly exact replica of the spaceship’s cabin, with all its meters, 
indicators and controls. The meters would be fed information of the same 
kind as that which they would receive on an actual voyage, and the crew would 
have to react accordingly by working the appropriate controls. When it is 
tired of aircraft, no doubt the Link Corporation will enter this interesting field. 

Such trainers are never exactly like the realthing, but they can be exceed- 
ingly useful in allowing operators to make their initial mistakes without 
disastrous consequences. Unfortunately—and on this subject I speak with 
great feeling—a really comprehensive trainer is liable to become much more 
complicated than the equipment it is teaching people to operate. If our 
spaceship circuits contain a modest thousand valves, then there will probably be 
at least five thousand in the trainer on which the crew will practice. 


Ill. The Electromagnetic Spectrum : 

The greater part of this discussion will be concerned with radio and optical 
waves and their uses. The whole range of electro-magnetic waves covers about 
24 octaves—14 below visible light and 9 above. Figure I shows the complete 
spectrum as known at present, from one cycle a second up to a million million 
million million. In empty space, waves of all frequencies are transmitted 
equally well, but our atmosphere is opaque to a large portion of the spectrum. 
I have tried to indicate this by the band in the centre of the figure. 

At low frequencies, radio waves are reflected back to Earth by the iono- 
sphere, but about five octaves—say from ten megacycles a second up to about a 
million megacycles a second—will pass through it and out into space. This 
enormous band, wide enough to carry hundreds of millions of speech channels, or 
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millions of television ones, can therefore be used for Earth-to-ship or Earth-to- 
planet communication. 

Down among the millimeter waves there are occasional bands of absorption 
which I have roughly indicated. Even here, however, there are enormously 
wide “‘windows’’ through which one can squeeze thousands of channels. 

Still shorter in wavelength, and higher in frequency, we have the infra-red 
and finally the visible waves. Our Californian colleagues would probably say 
that the atmosphere is quite transparent to these, but in this climate we must 
make certain reservations. 

We see, therefore, that the atmosphere will pass an enormously wide band of 
waves, all of which may be modulated to transmit intelligence. In terms of 
frequency, which is what decides the number of available channels, the atmos- 
phere will pass a band a thousand million times as wide as the familiar medium 
wave band on our domestic sets. This will be pleasant to know when the time 
comes to build interplanetary radio-telephone exchanges! 

Just above the visible spectrum in the ultra-violet the atmosphere becomes 
rather suddenly opaque—and I mean this quite literally. : Even a few inches 
of air will completely block waves in the far ultra-violet—hence the consider- 
able efforts that have been made lately to put spectroscopes in V.2 rockets. 

As the frequency is raised and we pass into the X-ray and Gamma-ray 
region the energy of the radiations becomes steadily greater until they are 
capable of blasting a way right through the atmosphere. The air loses its 
opacity in the way that a sheet of tin-foil which is opaque to raindrops is quite 
transparent to rifle-bullets. However, we have only just learned how to 
generate these very-high-energy radiations, and it seems very unlikely that we 
shall ever want to use them for such purposes as communication. They 
have rather obvious disadvantages from the point of view of the receiving 
station. 

To sum up, we see that for Earth-to-space contacts we can use a band of 
frequencies from about ten megacycles a second out to around a thousand 
million megacycles a second, apart from a few narrow and variable gaps. For 
space-to-space contacts, there are no such restrictions and the band may be 
extended if necessary two octaves on either side. It is, however, very unlikely 
that the low-frequency end of the spectrum will be employed, since waves more 
than a meter long require large aerial systems for transmission and reception. 
The centimeter waves, which can now be generated at high power levels and are 
very easily beamed, appear to be ideal for most astronautical purposes. As our 
techniques improve, the millimeter and infra-red waves will become available, 
but lightbeam or photophone systems have already reached a high state of 
development and could probably be used even to-day for communication over 
astronomical distances. 

Whatever purpose electromagnetic waves are used for, certain requirements 
have to be fulfilled. We need a means of generating the waves at a sufficiently 
high power level, and then of modulating them by speech, vision or in any other 
manner required. In the radio range the generator would be some type of 
valve, probably a magnetron: in the optical range, it might be a gas-discharge 
tube, some types of which can produce thousand million candlepower flashes. 
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The waves must next be beamed from some radiating device such as a 
parabolic reflector or a radio-lens—and this at once introduces considerable 
complications. “To save power we will be forced to use narrow beams, and these 
must therefore be aimed accurately and kept in position despite all movements 
of the bodies concerned. If one of them is a space-rocket, this may mean gyro- 
stabilised arrays like those which battleships use to keep their radar aerials 
steady despite pitching and rolling. However, stabilisation of the entire 
spaceship would be preferable—if not essential—since otherwise the vessel 
would be continuously rotating about all three axes and any circuit could only 
be maintained intermittently. 
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In Fig. 2 I have tried to indicate the basic elements in any type of radio or 
optical link between two such stations. The transmitter I have just discussed: 
the ‘aiming mechanism” for the beam will, we assume, be controlled electric- 
ally from a knowledge of the receiving station’s position. 

At the second station, we need some kind of receiving array, which again 
must be kept aligned on the transmitter. This can be done relatively easily by 
using the actual signal to control the aiming mechanism through a servo-system 
—that is, a device which can convert electrical impulses into mechanical 
movements. If the aerial moved away from the beam, the servo-system would 
automatically bring it back into alignment. This technique was used in radar 
sets which automatically followed or “tracked” aircraft across the sky.* 

The received signal would then be amplified and detected and the output 
converted into speech, vision or used in any of the other ways discussed later. 
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In the case of a ship using a radar system, then the same array would be 
employed both for receiving and transmitting, and there would be only the one 
aiming mechanism. : 

III.1. Communication Cireuits—General Considerations. Reliable communi- 
cation systems will, of course, be of the utmost importance in astronautics. At 
first, we will only be concerned with Earth-to-ship circuits, but later the more 
complex problem of ship-to-ship communication will arise. 

It is simple to set down the mathematical equations involved in inter- 
planetary radio circuits, since they are a straightforward application of the law 
of inverse squares. We will assume that the transmitting and receiving arrays 
are parabolic mirrors, or the equivalent, of areas A, and A, square meters 
respectively. Then if the power of the transmitter is P, watts, the power 
picked up by the receiver P, watts, the wavelength A meters, the distance 
between transmitter and receiver d meters, we have the relationship (see 
Appendix I):— 





ct Reh 

It is, however, not at all easy to pin down the quantities on the right-hand 
side. P, will be the minimum signal which will work a sensitive receiver, and it 
varies enormously with the type of service being considered. If we only wish to 
detect a transmitter, without being able to read its messages, then special 
techniques might enable us to manage with as little as 10-*° watts. This is about 
a tenth of the (average) power picked up by the receiver which first made radar 
contact with the Moon.® 

If we wish to transmit morse, then 10- watts might be sufficient. For 
speech, 10- watts, and for television, 10-® watts are perhaps reasonable figures, 
since. we can fairly assume that there will be no interference on the highly 
directional, free-space circuits we are considering. Different circuit techniques 
and standards of quality would cause great variations in these estimates, which 
should be taken as no more than helpful signposts. 

The minimum usable signal depends on the noise in the receiver, which in 
turn is proportional to the band-width, and hence to the rate at which intellig- 
ence is transmitted. By reducing band-width, extreme sensitivity is possible, 
and if one is content to pass a few morse characters a minute, one could operate 
at levels around 10-* watts. , 

The absolute limit of detectable signal strength is probably set by the fact 
that the Universe itself is somewhat noisy and a very sensitive receiver picks up 
“cosmic static’ from interstellar space, which swamps weak signals. This 
natural interference varies over the sky and is concentrated in the plane of 
the Milky Way, being possibly caused by ionised gas-clouds in the galactic 
system.® 

The important variables within our control are the wavelength A and the 
areas of the arrays. At the present 10 cms. is a very convenient wavelength, 
and one at which we can generate large amounts of power. I will use it in these 
calculations, though I have no doubt that by the time this discussion is of much 
practical interest, 10 cms. will be regarded as quite a long wavelength. 
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A, and A, are rather more controversial. Very large radar arrays—some 
of over 50 square metres—were used during the War, and at Manchester a fixed 
parabola of over 300 square metres area is now being built. There is no 
definite limit to the size of array that might be constructed if it was worth while, 
but clearly a spaceship could only carry quite a small aerial system. Since A, 
and A, in Equation 1 are interchangeable, it does not matter which end has the 
bigger array as long as both transmitters have the same power. This reciprocity 
is fortunate, for altogether apart from weight considerations it would be highly 
desirable to have the larger aerial on the Earth. The larger the aerial, the 
narrower the beam it produces and the more accurately it must be aimed and 
guided. The small array which the spaceship could carry would not need such 
great precision of aiming as its beam would be fairly broad. (Appendix II). 

We will now consider the three cases that arise: Earth- -to-ship, planet-to- 
planet, and finally ship-to-ship circuits. 


III.1.1. Earth to ship Circuits. Let us assume that the array on the Earth 
has an effective area of 100 square metres, which is quite a modest figure since it 
means a system with a diameter of about 40 feet. We will also be conservative 
and assume that the spaceship’s array is only a square metre in area.’ There is 
in fact no reason why it should not be considerably larger than this, since it 
could be unfolded in space once the ship had left atmosphere. Thus we can 
hope to avoid the sanguinary battles which used to take place between the 
aerodynamicists and the designers of radar scanners during the War. 

Substituting these figures in Equation 1 we obtain:— 

—2 
P= aa d*P, = 10-*d? P, watts 

If our spaceship is in the neighbourhood of the Moon (d < 4 x 10® metres) 

we see that for telephony communication we need a transmitter power of 


10+ x 16 x 10° x 10-" = 16 watts, 


while for a television programme 16 Kw. might be needed. 

Now 16 watts is the sort of power level used in ordinary amateur operation, 
so we see that there will be no difficulty at all in obtaining two-way telephony 
from the Moon. It would be quite easy to transmit television signals fo the 
ship if one wanted to: but to get pictures back with the transmitter a rocket 
could carry we would probably have to use larger arrays. It would be quite 
practicable to erect a portable aerial system on the Moon that would enable 
television signals to be sent back to Earth. Still photographs, of course, could 
be sent over the telephony circuit with suitable equipment. 

Now let us be a little more ambitious and consider real interplanetary com- 
munication. Table 1 shows the powers needed, in watts, to send speech and 
slow speed morse over various distances out to the orbit of Jupiter. In Column 
(a) we have assumed, as before, that we have a 100 square metre array on Earth 
and a one square metre array on the ship. 

The powers needed for telephony are considerable: at the. moment we can 
generate about 10,000 watts at 10 cms. on continuous wave operation, and we 
need 180,000 even to reach Venus. But the powers required for morse are well 
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within present ranges, except for the case of Jupiter—though I should not be 
surprised to hear that someone has a 40,000 watt c/w magnetron even now. 
The thick line running across the table gives the approximate limit of power 
available at this frequency to-day, 
TABLE I 
TRANSMITTER POWER—WaAtTTS 
































Distance Time Lag Speech Telegraphy Beacon 
Kms.  |(Oneway)| (a) (0) (a) (6) (a) (e) 
Moon 400,000 : 13s. 16 0-16 0-016) <O1 | <0-001 | «<O-1 
1,000,000 3-3 s. 100 1 0-1 «0-1 <0-001 | «0-1 
10,000,000 33 s. 10,000 100 10 0-1 0-001 | <O-1 
Venus 42,000,000 | 2m. 20s. 180,000 1,800 180 1-8 0-002 | 1-8 
Mars | 78,000,000 4m. 20s. | 600,000 6,000 600 6 0-006 6 
100,000,000 | 5m. 30s. 10° 10,000 1,000 10 01 10 
Jupiter] 630,000,000 35 m. 40 x 10®| 400,000 | 40,000 | 400 0-4 400 



































A= 10 cms. 
(a) A, X Ag = 100 metres* 
(b) Ay X Ag = 10,000 metres* 
(c) Ay = 100 metres?* : transmitter isotropic 


We see, therefore, that there will be no difficulty in signaling to ships, 
despite the small arrays they can carry, even when they are well beyond Mars. 
However, at such great distances the spaceship might have to carry a somewhat 
larger array—say 5 square metres—before its weaker transmitter could signal 
back to Earth. 

III.1.2. Planet to Planet Circuits. If we can use 100 square metre arrays at 
either end of the circuit, as would be possible once a base had been set up on the 
surface of a planet, the powers needed fall very sharply. I have shown this in 
Column (6) of Table 1. We see that it would now be possible to talk to Mars— 
while one could send morse right out to the satellites of Jupiter. 

In all these calculations we have assumed that the array at the Earth end 
of the circuit has an effective area of 100 square metres. It would be perfectly 
practicable—though it would involve considerable engineering—to make a 
1,000 square metre array. This would reduce the power shown in Table 1 by a 
factor of ten. Such an array might be a parabolic mirror about 120 feet in 
diameter, but it seems more likely that it would be a metal lens of the type 
recently developed by the Bell Telephone Laboratories.? It would, of course, 
have to be equatorially mounted like a telescope to counteract the Earth’s 
rotation. 

Although we have referred to telephonic circuits in this discussion, there 
would not be much point in using actual speech over such distances im view of the 
time lags (several minutes between the inner planets) which would make con- 
versations out of the question. Broadcast programmes would be possible, but 
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any high quality circuits would be much more profitably used for multichannel 
teleprinter operation. 

There is no way around this difficulty. It will never be possible for anyone 
on one planet to hold a conversation—in the normal sense of the word—with 
someone on another. Even in the case of the Moon, the two and a half second 
lag would be slightly annoying. 





































——, III.1.3. Ship to Ship Circuits. A rough calculation shows, that, on the basis 
on of Equation 1, two ships with square metre arrays could exchange messages at 
(¢) ranges of a million kilometers with powers of a few watts, and could talk to each 





other quite easily when 100,000 kilometres apart. However, it seems very 














«Q- 
ne likely that for ship-to-ship communication the optical frequencies, including 
“Or1 visible light, would be used. These waves can be focussed and generated with 
O-1 great ease, and extremely sensitive detectors are now available in the form of 
—— electron-multiplier tubes and other devices. The transmitter would consist 
abe of some type of searchlight, modulated at speech or radio frequency, while the 
6 receiver would be a parabolic mirror—or a Schmidt camera—with a photocell 
va at its focus. The sensitivity of such devices is enormous. Dumont has 


recently sent television prograrames along a light-beam in broad daylight, 
400 using only the spot on a cathode ray tube as the source of transmitter power! In 
the infra-red region, bolometers have now been developed which can detect 10-"* 
watts at a fairly high rate of signalling* and for very-long-distance circuits optical 
waves may be more suitable, and may require much lower powers, than radio. 

I should again like to emphasise that changes in operating frequency, 
; improvements in technique, and so on, might make these figures appear 
ships, extremely conservative. They are no more than an indication of what could 
Mars. be done in the present or the near future. When spaceships are actually built, 
ewhat say in the last quarter of this century, many of these ideas will seem as old- 
signal fashioned as a 1920 radio set. 
III.2. Beacons. For many purposes, it would be very valuable sil to be 
ays at able to detect a rocket’s transmitter: it would at least be an indication that 
on the the machine was still functioning. I suggested that perhaps 10-*° watts might 
his in be a detectable signal, if a bandwidth of a few cycles/second was employed. 
[ars— (This would be a very considerable achievement at 3,000 megacycles a second, 
but it should be ultimately attainable.) In Table 1, under the heading “Bea- 
h end con,” I have shown the transmitter powers required to produce this signal. In 








fectly Column (a), as before, the use of a one metre square aerial at the transmitter 
ake a has been assumed. 

| bya The figures are fantastically small—only half a watt out to the orbit of 
eet in§. Jupiter! If we assume that, instead of using an array which at this frequency 
type has a “gain” of about 1,000, we let the transmitter broadcast in all directions, 
ourse, then we get the figures in the final column. These are the powers for an 
arth’s omnidirectional radio beacon which could be picked up in the whole volume of 


space around it, and not merely along a narrow cone. Even these powers are 
there still very small indeed, and indicate that automatic rockets carrying light, 
of the simple transmitters could be tracked from Earth over astronomical distances. 
. con- It is probable that these figures may be optimistic by a few orders of magni- 
, but tude, since at such extremely low power levels cosmic static might be serious. 
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Also, quantum difficulties may arise owing to the limited number of photons 
which the receiver would intercept. 

III.3. Doppler and Displacement Effects. When we are exchanging messages 
with stations travelling at high speeds, two effects occur which do not arise in 
terrestrial circuits. In the first case, one station may have moved appreciably 
before the message from the other has reached it. Just as an A.A. gunner has 
to aim ahead of his target, so a transmitter array should be aimed ahead of a 
ship travelling across the line of sight. Fortunately this correction is quite 
negligible at the speeds which we are likely to be concerned with for a century 
or so. A spaceship would have to be travelling tangentially at the colossal 
speed of 500 kilometres a second (over a million m.p.h.) before a beam displace- 
ment of even a tenth of a degree occurred. 

The second effect is much more important. As is well known, the apparent 
frequency of a signal is changed if the source or the receiver isin motion. If the 
relative velocity along the line of sight is v, the velocity of light is c, and the 
signal frequency is /, then the frequency change df is very nearly f.v/c.° Thus, 
at 10 cms., or 3,000 megacycles a second, for a velocity of even 1 kilometre a 
second we would have a frequency shift of 10,000 cycles a second—quite 
enough to move the signal clear out of the receiver’s pass-band unless it was 
retuned. This same effect took place when the Americans made radar contact 
with the Moon. Their receiver had a band-width of only 57 cycles/sec., and 
the Moon’s velocity produced shifts of up to 300 cycles/sec. 

Thus if we wish to communicate with another station, we must not only 
know its frequency and its position, but also its velocity so that we can 
slightly detune our receiver by the necessary amount. In most cases a short 
search would quickly locate the transmitter, and the Doppler effect is only 
likely to be a nuisance in the case of the very narrow band transmissions 
discussed in the last Section. For navigational purposes, as we shall see, it can 
be very useful indeed. 

III.4. Types of Transmission. As we have already seen, interplanetary 
speech circuits: would be rather a luxury and for most purposes telegraphic 
channels would be quite sufficient. By employing the usual scanning devices, it 
would be possible to send photographs over these circuits. There is however 
quite another type of transmission which will be extensively used in astron- 
autics. This is the sending of mathematical information in the form of pulse 
trains. It is even possible—though the system would have obvious disadvan- 
tages—that by means of such links the computers in spaceships may be coupled 
directly to much larger ground installations. During the War a considerable 
effort went into developing circuits which could handle, for instance, grid 
references and various numerical quantities. 


IV. Navigational Aids 

The use of radio aids for long-range navigation by manned spaceships 
appears somewhat pointless, since the surrounding astronomical bodies are 
always visible and their angular positions can be measured with extreme 
accuracy by quite simple equipment. However, in the case of the first journeys 
to the Moon it might be useful if stations on the Earth could follow the ship 
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accurately in position, and radio any course corrections that might be necessary. 
This would be quite easy if the rocket carried a small “‘responder beacon”’ 
triggered by the radars on Earth. The repetition frequency, of course, would 
have to be very low to give time for the signals to return. In this way the 
range of the ship could be found to within a few kilometres or less. 

Radio position-finding devices would be essential for guiding unmanned 
rockets, since it seems virtually impossible to make an instrument which can 
automatically take astronomical fixes. This may sound a sweeping statement, 
but if anyone doubts it I suggest that they try to design a machine which can 
pick out the brighter planets on the celestial sphere and then measure their 
angular displacements reiative to the stars. 

Radar aids would be chiefly of value when making the final approach to a 
planet. A low-powered radar set-would give instantaneous and accurate range 
indications—to within a metre or so—and by using the Doppler effect the 
velocity of approach could be measured at the same time. With a carrier 
frequency of 3,000 megacycles a second, a rate of approach of one metre a second 
would cause a frequency shift of 20 cycles a second, which would be quite 
measurable. This information could, if required, be passed automatically to 
the landing computer as well as shown visually to the anxious pilot: 

There would: be very little point in equiping a spaceship with long-range 
radar, even if it was possible. Although as I have shown elsewhere™ radar 
systems could bridge interplanetary distances, this requires very powerful 
transmitters and very large arrays. Since one is fighting an inverse square 
law in both directions, as it were, the power needed for a radar system 
increases with the fourth power of the distance, and soon becomes exorbitantly 


great. 


V. Radar Surveying 

There is, however, one specialised application of direct radar which is of 
much interest and importance. One of the most remarkable inventions of the 
War was the device known as H,S which enabled bombers to “‘see” the ground 
through fog or cloud, and extremely realistic pictures may now be obtained 
with the most recent forms of this equipment. Demarcations between land and 
water stand out exceptionally well, and mountains, lakes, roads, cities, etc., can 
also be seen. 

We may expect therefore that before any attempt is made to land on 
Venus, a complete radar survey will be carried out from a ship orbiting the 
planet at a height of a few hundred kilometres. Such a survey would give an 
accurate map of all land areas—if any—and would even enable approximate 
contour lines to be drawn. If Venus is as murky as some writers have sug- 
gested, this would be in fact about the only way of mapping her! It would be 
such an important achievement that it might well be the prime object of the 
first expedition. 

If we ever hope to learn much about those partly gaseous worlds Jupiter and 
Saturn, it may be by radar surveys from the innermost moons. It is not 
likely, however, that we could do more than penetrate the outer layers of those 
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VI. Meteor Detection 

I now intend to devote some time to the problem of meteor detection, not 
because it is important to spaceships—it isn’t—but because so much has been 
written on the subject that it seems high time the matter was investigated 
quantitatively. 

It is shown in the Appendix that for a radar system, with the notation already 
used, 


Equation IT. 


The only new symbol is a, the “effective reflecting area’’ of the target, which 
depends not only on the target’s physical size, but also upon its composition 
and attitude relative to the incident beam, and upon A. For a radar system 
operating at A = 10 cms., and capable of accurate range measurement, the 
minimum workable signal P, is about 10-" watts. If we again take our array 
area as one square metre, let us see how much power is needed to detect a 
meteor at the modest range of a hundred kilometres. Substituting the numerical 
values, we have:— 

4n Xx 10 x 10” x 10°” 





= = watts. S055 cremh Equation IIa. 


Now for spherical bodies which are large compared with A, and which are 
perfect conductors, the “echoing area”’ o is the same as the area of cross-section. 
Thus to detect a metre square meteor a hundred kilometres away we should 
need a peak power of 10’ watts, or 10 megawatts. 

10 Mw. is a very great deal of power indeed—13,000 h.p.—but we now have 
magnetron valves which can develop a quarter of this. It would certainly be 
possible to make such a transmitter, once some rather difficult waveguide 
problems had been overcome, and it might weigh as little (!) as half-a-ton, 
though this seems optimistic. 

But a body a yard across is not a meteor at all—it is a young asteroid. Only 
very large meteors, in fact, have a radius of even one centimetre. The usual 
radius is about a millimetre or less, and this at once introduces difficulties of a 
fundamental nature. 

If a body is smaller than the wavelength of the radiation falling upon it, its 
reflecting power is very low indeed. Lord Rayleigh, who had a remarkable habit 
of discovering mathematically things which became enormously important 
half a century later, showed that the reflecting power of a small body falls 
according to the inverse fourth power of the wavelength of the incident 
radiation, Fig. 3 shows the operation of this law for a perfectly conducting, 
spherical body.™ 

From this we see that for a one millimetre radius meteor, at 10 centimetres 
wavelength, the reflecting area is only about a ten thousandth of its visual area. 
Substituting in Equation Ila we thus obtain the interesting result :— 











1, not 
gated 


ready 


rhich 
ition 
stem 
, the 
uray 
ct a 
Tical 


| are 
tion. 
ould 


lave 
y be 
uide 
ton, 


nly 
sual 
of a 


, its 
abit 
ant 


ent 
ing, 


res 











ELECTRONICS AND SPACE-FLIGHT 





“ava 10” 
*  @ xX 10-* x 10-4 


or, if you prefer, 40,000,000,000,000 h.p., which is, I believe, something like the 
output of an atomic bomb. 

Obviously, we have to change our wavelength to something comparable 
with the meteor’s dimensions. Let us look a good way into the future and 
assume that we can generate.and handle one millimetre waves as readily as we 
can now deal with ten centimetre ones. We then have, with the same con- 
ditions as before:— 


23 x 10"* watts. 





P 


108 
': = — watts. 
a 
At this wavelength, we can now take o as being the visual area of the meteor, 
so that 


10 
7 = N10 ~ 3 x 108 watts. 


P 

So we have, with a prodigious research effort, reduced our peak power 
requirements to 400,000 h.p.—from the atomic bomb to Battersea Power 
Station. This figure, however, would have to be increased to considerably 
more than a million h.p. since meteors are very far from being perfect reflectors 
or perfect spheres. 

Clearly, therefore, there is no possibility whatsoever of using ordinary 
radar for the detection of meteors—at least with the small arrays a spaceship 
could carry. Quite apart from this, such an achievement would, by itself, 
‘still be completely useless. 

Of all the meteors which will enter the hundred kilometre sphere around the 
spaceship, only about one in a hundred million will pass through the volume of 
the ship itself. It will reach the ship probably no more than five seconds after 
detection: in that time we have to plot its course so accurately that we can tell— 
from a hundred kilometres away—that it is going to hit a target of only a few 
square metres. I believe that this feat alone would be totally impossible, but 
having performed it, and decided that unlike its hundred million colleagues this 
meteor is going to hit us, we then have to make the ship “sidestep” smartly by 
firing its motors. Surprisingly enough, this last feat would be quite possible 
(though highly disconcerting to the crew) as it would require accelerations of 
only a tenth of a gravity. 

Lest anyone feel slightly encouraged at this point, I hasten to drive another 
nail into the meteor detector’s coffin. For our 300 megawatts (at one milli- 
metre wavelength!) we have located the meteors inside an extremely narrow 
beam—one, in fact, only a tenth of a degree wide. To obtain complete cover- 
age all around the ship, we must “‘scan” the array at a quite impossible speed. 
The fast meteors are the dangerous ones, and they can reach us in two seconds 
flat from a hundred kilometres away. Our 1/10 degree wide beam must therefore 
“look” at a different part of the sky not less than ten.million times a second, 
which is of course mechanically and electrically impossible. 
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I hope that this disposes of radar-type “‘meteor detectors’ for spaceships. 

It is probably fair to say that to run them would need so much power that they 

_ would volatilise any meteor which approached—so the detecting part of the 
equipment would be superfluous! In the far future, this feat may become 
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Fic. III. Law of reflection for perfectly conducting sphere. 


I have spent some time on this subject because it would be of considerable 
interest to the astronomers if we could detect meteors in space. Once they have 
entered the atmosphere, of course, the tremendous ionisation produced enables 
us to obtain echoes very easily. 

Finally, let us remember that even a one millimetre radius meteor would 
still be a very rare specimen indeed. According to the most recently published 
tables,!” a rather large spaceship travelling at 10 kilometres a second would be 
liable to collide with such a body once every million years—unless it was rash 
enough to venture into the middle‘of one of the heaviest showers known. In 
that case, it might be punctured, though probably no more than this, after 
waiting only ten thousand years! 
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VII. Telemetering and Remote Control , 

We now come to the subject which is of the most concern and interest to 
rocket engineers at the present time—that of controlling rockets from a distance, 
and, equally important, of knowing what they are doing when beyond direct 
observation. 

It has been possible for a long time to transmit simple orders by radio—for 
éxample, to turn switches on or off, or to make controls move in distinct 
“steps.” To obtain smooth and continuous control at a distance is much 
more difficult and demands rather complex equipment. A recent American 
paper" described a system for the remote control of }th scale model flying 
boats, in which there were seven independent control circuits, five of them 
capable of continuous variation. The aircraft equipment weighed only 21 
pounds, and the ground control station consisted of a normal pilot’s seat with 
the usual control column, rudder pedals and throttle levers. 

Some of these control systems operate by the transmission of continuous 
waves, while others employ pulse trains, but it is unnecessary to go into circuit 
detail here. Many different types of equipment have been described in the 
technical literature, but the most recent and interesting ones are probably still 
secret. 

To control a rocket in space, when it is quite invisible, is very much more 
difficult than to fly an aircraft by radio. The most important difference 
between the two cases is that whereas the aeroplane has—or should have-a 
measure of inherent stability and will thus maintain a horizontal position when 
the controls are centralised, the rocket may assume any attitude it pleases once 
it is in space. It is therefore no good having a means of control unless we also 
know the orientation of the rocket’s axis. This may mean that the machine 
may have to carry some form of directional radiator whose signals will enable 
us to deduce the rocket’s instantaneous attitude. Perhaps the most promising 
system would be to equip the machine with a set of photoelectric ‘cells which 
would control radio signals in accordance with the rocket’s angle with respect to 
the sun. Three such cells would suffice to define the machine’s orientation 
uniquely. 

The design of an aerial system for a small rocket is not at all easy. It is 
sometimes suggested that the body of the machine would serve for this purpose, 
but unfortunately it would then pick up or transmit practically no signals 
when pointed away from the Earth, which is about the most important position. 
Another difficulty is the fact that a rocket blast may act as an excellent absorber 
of radio waves, making it impossible to send or receive signals. This would not 
be serious in astronautical applications where the motors would only be firing for 
very short intervals of time. 

At the moment we can say that it would be feasible to transmit control 
signals to a rocket as far away as the Moon, but considerable research will have 
to be carried out before we will be in a position to know what effect our orders 
had produced. 

This problem leads us naturally to the question of ‘‘telemetering’’ or sending 
instrument and other readings by radio. This is a technique which has become 
of great importance in recent years and is now used extensively in radio sondes, 
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experimental aircraft (manned and unmanned) and in ionospheric rocket 
research. 

It is not difficult to design instruments which produce their readings in the 
form of electrical voltages, and these in turn may be employed to modulate 
radio waves so that records may be obtained at a ground station. A recent 
paper" described the system now employed in the V.2 rockets being fired at 
White Sands, New Mexico. Twenty-three separate channels are employed and 
the technique used is one derived from radar. For each channel, a train of 
microsecond-wide pulses is sent out, and as the instrument readings increase 
the spacing between the pulses increases. 


© 
INPuT ~O vQcTs ps 
——_—_ eee eee eee eee eK eK — ee -—<+- 


unPuT - Avoats "Wo . 
ws 
wwPuT <6 VOLTS aoo 
cman) = 


CHANNEL 1, MODULATION 


Sran wee 
‘ 
aa 
OTHER 
CHANNEL 
CHANNEL 
i 











~~ UT--—i) 


>» 








S850 ws — 





ALL 23 CHANNELS 
Fic. IV 





xB les = & MICKosEecoND 


The pulse sequence is repeated after the twenty-three sets of readings have 
been broadcast. On reaching the receiver, the separate trains are disentangled 
and automatically converted into meter readings which can be filmed. The 
radio-frequency used is 1,000 mc/sec., and the pulse spacing varies from 50 
microseconds at zero instrument voltage to 200 microseconds at full-scale 
reading. 

It is very probable that pulse systems of this sort will be used exclusively for 
long-range telemetering. They have the great advantage that -power con- 
sumption is much lower than for continuous wave operation. It would be 
possible to radio instrument readings from the Moon, and it is understood that 
Westinghouse believes that such a transmitter could be made to withstand the 
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shock of unretarded impact. This seems highly optimistic, for if the rocket was 
stopped in a few metres its deceleration would be a hundred thousand gravities. 
However, even the Moon’s atmosphere might have some retarding effect at 
2-5 kilometres a second, and it is conceivable that a safe landing could be made— 
that is, a landing under no more than 10,000 gravities! 

A less difficult feat, and a much more useful one, would be the telemetering 
of instrument readings from orbital rockets circling the Earth at heights of a 
few hundred kilometres. It would require only a few watts of power to do this, 
even with omni-directional transmission from the rocket. Batteries might 
provide this power for considerable periods, but it should be possible to develop 
thermoelectric devices which, utilising the very great temperature range 
obtainable in space, would operate the equipment indefinitely. 

This will probably be one of the first achievements of astronautics, and will 
provide information of the utmost importance. To give but one example, 
variable frequency transmissions from instruments beyond the ionosphere 
would be of great value to the radiophysicist. 


VIII. Conclusions 

This discussion has been concerned with the ultimate possibilities of elec- 
tronics applied to space-flight, as well as with its more immediate uses. Many 
of the devices mentioned may not materialise for a very long time, not only 
because of the usual development time-lag, but simply because the first space- 
ships will be quite unable to afford the resultant weight penalty. Even atomic 
ships will, in the early stages, require perhaps a hundred tons of “working 
fluid’ for every ton of payload. Any electronic aid must, therefore, either be 
essential or must be capable of saving at least a hundred times its own weight of 
fuel before its inclusion in the spaceship can be considered. 

The general picture, however, is reassuring. Even to-day we know, in 
principle, how to solve the problems of communication and navigation over 
astronomical distances. We can be sure that by the time these matters are of 
practical importance, even simpler and better solutions will be available. 


APPEND:x I 


Signal and Radar Ranges 
Signal Range 
Let transmitted power be P, watts, received power be P, watts, area of 
transmitter array be A, square metres, of receiver array A, square. metres, 
range be d metres, wavelength be A metres. Let array gain (defined as solid 
angle of point source compared with solid angle of beam) be G, for transmitter. 
Then power density at receiver is 








r i J 
ind watts/sq. metre. 
*. received power is given by 
P a G, P, A, 
= 4n@ 
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Now the gain of a circular array is given approximately by G = 427A/2? (#). 
Substituting for G, gives:— 









Equation I. 





or, P. = 




















Radar Range 


The “receiver” is now the reflecting target, which we will assume has an 
effective reflecting area o square metres. The total power re-radiated is thus: 


G, P, 
ind o watts. 


Therefore the reflected power received back at the transmitter is given by:— 


P __G,P,o A 
"4rd? 4nd? 








_ 47A,P,o A, 
~ 84rd? 4nd? 
_ A,A,o 

- 4mrdt”* 


Since the same array will be used both for receiving and transmitting, we 
may write A, =A, =A 


oa A?P, 
Faas = aad 
4a d2 d4 : 
or Pp. = wo P,, watts. .... Equation II. 


Note that P,, P, are now peak powers, whereas in the previous section they 
were average ones. 


APPENDIX II 
Beam Widths 


For a circular array, diameter D metres, area A square metres, wavelength 
radiated A metres, the beam width b between “‘half-power points” is given by :— 


b = A/D = AV 2/2V A radians 


sy 50A/+/A degrees. 
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The following table is calculated on this basis :— 

















A—cms. : | } 
A 10 | 1 | On 
sq. metres 
1 5-0 | 0-5 | 005 
10 16 8 6| 6016) 6| (0-016 
Beam Width 
100 0-5 | 0-05 0-005 — Degrees. 
| 
1000 0-16 | 0-02 | 0-002 














Note, however, that the very small beam widths would not be attainable in 
practice owing to the precision required in constructing the array (better than 
A/32), difficulties of feed, etc. The narrowest radio beam so far produced is 

. 0-1 degrees wide.’ 

Throughout this paper it has been assumed that A is the physical area of the 
(circular) array. This is not true with all types of radiator, but it is a fair 
approximation. 


(12) 


(13) 
(14) 
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I. Introduction 

In preparing this paper, the first and by no means the least formidable 
problem lay in the selection of subjects with which to deal. In making my 
choice, I have endeavoured to find topics which, while of actual or potential 
importance, yet can be appreciated without an extensive background of previous 
technical knowledge of astronomy. Also, preference has been given to subjects 
about which little detailed information is likely to be available to the non- 
specialist. In pursuing this policy, it has been found difficult to find topics of 
immediate relevance to interplanetary travel, primarily because few funda- 
mental advances have been made recently in planetary study, but an attempt 
has been made to link up the topics dealt with, and the study of rocket propul- 
sion, at the end of each section of what must, inevitably, be a somewhat 
disjointed text. 

To conclude this brief introduction, the reasons for two obvious omissions 
must be given. I have refrained from dealing with the radar detection of 
meteors, because I feel that, in a necessarily small number of words, little could 
be added to the information given in a previous paper.!_ For further informa- 
tion, the reader is referred to two recently published papers? on the methods and 
results of this powerful new tool of astronomers. The use of rockets in astro- 
nomical research has not be examined specifically, because although undoubtedly 
of great potential importance, little has actually yet been achieved by such 
methods. For speculations on its likely uses in the future, reference should be 
made to an interesting paper in an American periodical.® 


II. Nuclear Energy and Stellar Evolution 


To find a suitable mechanism by which the energy generation of the sun and 
stars could be maintained was for many years a major astronomical problem, 
and it is only recently that something like a satisfactory solution has been 
found. Briefly stated, the problem is this:—We can set the age of the sun 
between the fairly close limits of,'on the one hand, 1-6 x 10° years from 
geological investigations, and, on the other, 2 x 10° years from stellar dynamics, 
and thus, with an annual total radiation of 1-2 x 10“ ergs and a mass of about 
2 x 10% grams, gives a total emitted radiation at the present epoch of 1-2 x 10?” 
ergs/gram. No known chemical reaction can supply more than 10” ergs/gram, 
a totally inadequate amount, and in any case the temperatures in the sun are 
too high for chemical reactions to have any meaning. Gravitational energy, too, 
is insufficient, for even if the sun had contracted to its present size from infinite 
extent, only 10 ergs/gram could have been obtained; however, the fraction 
1/1000 is sufficiently high for us to predict that gravitational effects may have 
some subsidiary role to play in stellar evolution. 

For the appreciation of the following text it will be necessary to have some 
qualitative knowledge of the construction of stars and atoms. A star may be 
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thought of as a large sphere of gas at a high temperature, the gravitational 
forces in any volume element being balanced by the distending forces of thermal 
diffusion and radiation pressure. For the atom, the Rutherford-Bohr picture 
of a central positively-charged nucleus surrounded by negatively-charged 
electrons in discrete stable orbits will suffice, although it should be realised 
that any quantitative discussion would require the more powerful but less 
pictorial conceptions of wave mechanics. 

With the discovery of radioactivity by Becquerel at the turn of the nine- 
teenth century, and the subsequent exhaustive treatment of Rutherford, came 
the appreciation of the vast amounts of energy stored in the atomic nuclei. 
The difficulties of utilising this energy proved great, as is shown by the long 
period of time (or too short a period, according to one’s ethical point of view) 
which elapsed between the discovery of atomic energy and its first primitive 
use as an explosive. It is worth expending a little space on this problem. To 
utilise this energy, we cannot rely upon chance disintegrations of radioactive 
nuclei; instead, we must cause disintegration of common nuclei at will. The 
first successful attempt to do this was by Rutherford in 1919; he bombarded 
nitrogen atoms with high-speed alpha-particles (helium nuclei) from a radio- 
active source, and succeeded in transforming a nitrogen nucleus into one of 
oxygen: N“ + He*=O1’+ H!. Later experimenters, beginning with Chadwick, 
used artificially accelerated charged atomic particles, and produced a number 
of such transformations. As a typical example, and one of some astrophysical 
importance, we take the transformation of lithium into helium by accelerated 
protons; Li? + H! = 2He* + energy. First, we note that the liberated energy 
takes, in this case, the form of kinetic energy of the product particles; in other 
nuclear reactions, the energy may be liberated as high-frequency electromag- 
netic waves, gamma-radiation. Secondly, we find the amount of this energy in 
the mass-inequality of the reaction. The atomic weight of Li’ is (on the scale 
O = 16) 7-01800, that of H? 1-00815 and that of He* 4-00394. Thus in forming 
approximately 8 grams of helium, the product is 0-01827 grams lighter than the 
reactants. This mass has been converted into energy, and by Einstein’s 
relation E = mc* (E = energy, m = mass and c = velocity of light im vacuo) 
the amount of this energy is 16-443 x 10"* ergs, or about 2 x 10" ergs/gram. 
This value should be compared with the value of 1-2 x 10” ergs/gram for total 
solar radiation. 

In order to disrupt a nucleus the charged particle must first penetrate the 
outer shell of electrons and then the potential barrier surrounding the nucleus. 
It is found that the energy required to penetrate this barrier is much less than 
the energy resulting from the disruption. The reason that we cannot therefore 
obtain useful energy in this way is that the outer electronic shells so slow the 
bombarding particle that in by far the majority of cases it is effectively brought 
to a stop before it reaches the vicinity of a (very small) nucleus; e.g., Blackett 
found 8 cloud-chamber photographs showing disruption out of a total of 
over 23,000. So much energy is wasted in this way, that the nett gain of 
energy is negative. Even if the projectile succeeds in reaching the nucleus, it 
does not follow that it will be able to penetrate the potential barrier. Gamow* 
has given the probability of penetration from wave-mechanical consideration, 
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in terms of the charge on the bombarded nucleus, and the charge, energy and 
mass of the projectile. In particular, it is found that the probability of pene- 
tration decreases with increasing charge of bombarded nucleus, and increases 
very rapidly with increasing projectile energy. If, however, neutrons are ysed, 
they are neither retarded by the electronic shells nor stopped by the potential 
barrier and hence form ideal projectiles for nuclear disruption. But, in order 
to obtain neutrons in sufficient number, they must be extracted from other 
nuclei by proton or alpha-particle bombardment, and we are thus faced with 
the same difficulty as before with regard to nett gain of energy. To overcome 
this dilemma, we must find a reaction in which the disruption by a neutron 
causes further neutrons to be formed. It was this search for a ‘‘chain- 
reaction,” spread over some two decades, that culminated at Hiroshima. 

With the above brief summary to cover preliminary ground, we turn now 
to the sun to see how our nuclear energy problems are modified by the con- 
ditions therein prevailing. We know that we cannot rely upon the radioactive 
nuclei for solar energy, as their abundance is vastly too small Hence we must 
look for the explanation in the very high temperatures (of order 10,000,000 
degrees) found in the sun’s central regions. At such high temperatures, the 
atoms become completely ionised, and we have in fact a mechanical mixture of 
bare nuclei and unattached electrons in some kind of thermal equilibrium. 
Further, the average kinetic energy of thermal motion becomes so great that it 
approaches the energy necessary for nuclear disruption. We can thus be sure 
that a proportion of the innumerable collisions between protons (hydrogen 
nuclei) and other nuclei will result in disruption of the heavy nucleus and 
liberation of energy. The point to notice is that, in contradistinction to the 
velocities of terrestrial atomic projectiles in the laboratory, these thermal 
velocities are persistent, and the generation of energy continuous. The method 
of energy generation by nuclear collision, in a laboratory highly inefficient, 
may, at the high temperature of the solar interior, provide a satisfactory source 
of energy; it remains to find suitable nuclear reactions to fit the quantitative 
observational results. 

This proved less easy than might have been anticipated. The mechanism of 
thermonuclear reactions was first proposed by Atkinson and Houtermans,® who 
derived, from Gamow’s penetration probabilities and the Maxwell distribution 
law of thermal velocities, a formula giving the dependance of the disintegration 
rate on the temperature and composition of the mixture and the atomic numbers 
of the participating nuclei, this rate also depending on the product of the 
densities of the reactants. This formula was revised in the light of further 
knowledge by Gamow and Teller. From various astrophysical lines of approach 
we know that stars do not contain more than a small fraction of heavy elements 
and in fact consist mostly of hydrogen and helium; thus we must look for 
suitable reactions among the light nuclei. Using Gamow and Teller’s formula 
we find that reactions between protons and nuclei lighter than carbon proceed 
far too rapidly at the solar temperature of 20 million degrees ; for example, the 
lithium-hydrogen reaction would become exhausted in a matter of a few seconds, 
having proceeded with explosive violence. We can thus be sure that the interior 
of the sun does not contain any lithium (although spectroscopic evidence 
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shows some lithium in the sun’s outer regions, at a temperature about 
6,000° K): On the other hand, thermonuclear reactions between protons and 
nuclei heavier than nitrogen are far too slow; we are thus limited to reactions 
with carbon and nitrogen nuclei. The same solution was proposed almost 
simultaneously by von Weizacker in Germany and Bethe in America®; it was a 
cyclic system involving several thermonuclear reactions, and called the Bethe- 
or C-N-cycle. It may be represented as follows:— 


C2 + H! = N!3 + gamma-radiation ; (proton bombardment) 
N® = C8 + ejected positron ; (spontaneous disintegration) 
C8 + H! = N™ + gamma-radiation ; (proton bombardment) 
N+ H! = O” + gamma-radiation ; (proton bombardment) 
O = N® + ejected positron; (spontaneous disintegration) 
N® + H? = C” + He* + energy 


The nett result of the whole reaction is thus the transformation of four protons 
into one alpha particle ;—4H! = He‘ + kinetic and radiation energy. The carbon 
and nitrogen atoms are seen to be recovered in their original form and are thus 
catalysts only. (Note that the oxygen atom formed is not disrupted by bom- 
bardment, which we have seen to be too slow, but is unstable and spontaneously 
disintegrates). It remains to compare these predictions with the observed 
rate of energy production by the sun. 

By calculations similar to those given for the lithium-hydrogen reaction, it is 
found that each cycle produces 4 x 10- ergs of available energy. The duration 
of any cycle is obviously the sum of the lifetimes of all the nuclei concerned, but 
in this case the lifetime’of the N™ nucleus is so large that we may take it without 
sensible error to be the same as that of the period of the cycle. This period is 
then 5 x 10? years, and hence the rate of erlergy generation due to each N™ 
nucleus is 3 x 10-® ergs per second. Now the period of the cycle is much less 
than the estimated age of the sun and hence a given nucleus will have gone 
through the cycle many times. This means that a statistical equilibrium 
between the various nuclei is set up, with the concentration of any nucleus 
being proportional to its lifetime. According to Bethe, this gives a proportion 
of 10 per cent. for N™. Assuming this equilibrium composition, and astro- 
physical data of central temperature (2 x 10’ degrees) and hydrogen con- 
centration (35 per cent.) we obtain a rate of energy generation of 100 ergs/gram/ 
sec. at the solar interior. As the temperature rapidly decreases from centre to 
surface, some average must be taken, and calculations by Marshak have in- 
dicated that the nett rate should be in the region of 1/30 of the central rate. 
This gives a nett rate of 3-4 ergs/gram/sec. in excellent agreement with the 
observed value of 2 ergs/gram/sec. No importance should be attached to this 
close agreement owing to the many assumptions made, but since this reaction 
does give the right order of magnitude for the nett generation, we may feel 
confident in attributing the solar energy to this thermonuclear cycle. (Since 
the energy is derived from loss of mass, calculation shows that the sun is losing 
mass at the rate of four million tons each second. This result is, of course, a 
direct consequence of the Einstein relation and independant of the proposed 


theory of energy generation.) 


. 








74 MICHAEL W. OVENDEN 





Consider now the evolution of the sun. It is generating energy by the 
C-N-cycle, transforming its hydrogen into helium. The helium formed has a 
much higher opacity than the hydrogen, i.e. it is far less transparent to radiation, 
which it tends to confine to the central regions of the sun. Thus the central 
temperature rises, and with this rise comes a great increase in the rate of energy 
generation, which in turn produces more helium. The temperature and 
luminosity of the Sun will increase at an ever greater rate until all its hydrogen 
has been used up. Then, being unable to maintain its high luminosity, it will 
gradually cool, and at the same time contract. This stage of evolution is 
discussed later. 

In order to obtain an “observational” check on these ideas of the evolution 
of the sun, we must turn to our knowledge of the stars, of which we know the 
sun is a fairly typical example. As a first step, we plot the temperatures of 
various stars (as given by their spectral type) against their absolute luminosities. 
The resulting diagram, the Russell diagram, shows the form of Fig. I, stars being 
found only in the stippled regions. By far the majority of stars fall into a 
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Fic. I. Sun’s evolution in the Russell Diagram. 


sequence showing a steady decrease of luminosity with decreasing temperature ; 
this sequence is called the main sequence. Some stars have higher luminosities 
than would. be expected from their temperatures, and since we know that high 
luminosity indicates large mass, we call these stars red giants ; they appear in the 
top right hand region of Fig.1. At the other extreme are the white dwarfs which 
have high temperatures yet low luminosity. Considering a random selection 
of stars, we calculate their central temperatures from (a) established astro- 
physical methods relying upon the application and extrapolation of the gas laws, 
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and independent of the method of energy generation, and (6) by assuming the 
Bethe cycle, with other known data.. We find very good agreement for all 
stars of the main sequence, and it is therefore reasonable to assume that the 
Bethe cycle is responsible for the generation of energy in these stars. For red 
giants, we find, as expected, too high a temperature from the Bethe cycle, and 
we must fall back upon the thermonuclear reactions of the nuclei lighter than 
carbon and nitrogen, which at the higher solar temperature were explosive. 
There are only six reactions between protons and the other nuclei which are 
theoretically possible. They are:— 


(1) D? + H! = He + radiation (4) Be® + H! = Li® + Het 
(2) Li + H? = He*+ He® (5) BY + H! = C" + radiation 
(3) Li? + H' = 2He* (6) BY + H' + = 3Het 


Detailed calculation shows that these reactions fall into three distinct groups. 
Reaction 1 proceeds rapidly at temperatures as low as 10® degrees; 2, 3, 4, and 6 
proceed at a reasonable rate between 3 and 7 million degrees, while the optimum 
range for 5 is only a little below that of the main sequence.* These temperature 
ranges may be plotted on the Russell diagram as in Fig. 1. It is important to 
realise that, unlike the Bethe cycle, these reactions are non-regenerative; the 
nuclei are permanently transformed and the reactions cease as soon as the 
appropriate nuclei have been used up. 

We may tentatively outline the evolution of a typical star. It begins life 
as a tenuous condensation of some kind, and starts to contract by the mutual 
gravitational attractions of all elements of its volume. In doing so, its central 
temperature rises due to-the release of gravitational energy, until, at a central 
temperature of about a million degrees, the proton-deuteron reaction sets in. 
Contraction is temporarily arrested, and the star radiates as a cool red giant 
until all deuterium has been used up, when contraction again begins, followed by 
further rise in central temperature. When this temperature reaches three 
million degrees, the lithium and beryllium reactions begin. As before, when 
these elements have been used up, further contraction and temperature rise 
bring the star into a state for generating energy by the boron reaction. With 
the exhaustion. of the boron nuclei, a further stage in the process brings the 
star on to the main sequence, up which it travels, converting hydrogen into 
helium as outlined above.t 

Certain stars in the red giant region of the Russell diagram are found to vary 
their luminosities periodically, and the periods serve to separate them into three 
distinct classes: Cluster variables, period 6 hours—1 day; Cepheid variables, 1-3 
weeks ; Long-period variables, of the order of 1 year. These groups are found 


* Five is slow because of the emission of gamma-radiation. 


+ A point requires clarification here. We have seen that during its life a star may 
change its luminosity by a factor of 100 or more. By the mass-luminosity relation we 
would thus expect a wide mass-range also. That this is not the case is due to the fact that 
the later stages of evolution in the main sequence proceed very rapidly. If we assume that 
half of the star is hydrogen, it would take over 90 per cent. of the main-sequence life of the 
star to burn up half of this hydrogen. The mass-luminosity law applies only to stars in the 
early stages of the main-sequence, but since ‘“‘early’’ may occupy 80 per cent. of the stars 
total existence, the law has almost complete validity. Exceptions to this law which have 
been found have all shown discrepancies in the sense agreeing with this explanation. 

» 








76 MICHAEL W. OVENDEN 





to fall just at positions on the Russell diagram between two thermonuclear 
reaction regions. At such points, the rate of energy production by these 
reactions is of the same order of size as that which could be released by gravita- 
tional contraction, and a tentative explanation of the variability might be that 
it was due to pulsations formed as a result of the star trying to adjust itself 
to one of two different modes of energy generation. Attractive as this hypo- 
thesis is, further rather tedious calculations are needed for it to be put on to 
any sort of definitive plane. 

Having dealt with the red giant stage of evolution, we turn now to the later 
stages, when the star, having exhausted its hydrogen, and having high luminosity 
and temperature, begins to cool from the head of the main sequence. With the 
cooling comes a decrease in both thermal diffusion and radiation pressure, and 
so the star contracts. In doing so, it releases some energy which (like a cosmi- 
cal application of the principle of Le Chatelier) tends, but ineffectually, to retard 
the cooling. This cooling eventually becomes very rapid, and the star will 
become a cold body. At first sight, it is tempting to assume that this final stage 
would be a condition something resembling the less massive earth but, just 
because of its greater mass, conditions in this cold star will, in fact, be far from 
similar. As the star contracts, a stage will be reached when the electronic shells 
surrounding the nuclei will no longer be able to withstand the outside pressure. 
A collapse occurs, the electronic shells of different nuclei completely interpene- 
trate, and a degenerate state of matter occurs with the nuclei fairly closely 
packed together, the interstices filled with an electron gas. Although at very 
high densities, matter will have regained its compressibility, and the gas laws 
will still apply to a reasonable degree of approximation. Fermi has given a 
mathematical analysis of this state of affairs, and shown that the pressure of 
such an electron gas varies as the 5/3 power of the density. Since the pressure 
due to gravitation varies as the square of the density, the more massive the star 
is in such a state, the smaller will be its radius. For cold matter,* Kothari has 
given’ the radii for various masses (see Fig. 2). A maximum occurs close to the 
actual mass of Jupiter, and'so matter at the Jovian centre is just on the verge of 
becoming degenerate. The Sun, being much heavier, will have a highly degen- 
erate core even before it is completely cold, and at such time it will have a very 
small radius and very high density (say, three million times that of water): 
Such stars are observed in the white dwarfs, e.g., Sirius B. Although of low 
luminosity, this star has an effective surface temperature of 10,000°. Thus it 
must have a very small volume. Its mass has been estimated by the per- 
turbations it causes in the proper motion of its primary, and together with the 
Einstein red shift observed in its spectrum its radius can be calculated. (Alter- 
natively, a less accurate value can be found direct from the surface temperature 
and luminosity by calculating the effective surface area.) Sirius B is found to 
have a density about 2 x 10° that of water, and is, perhaps, representative of a 
future stage of the sun’s life. Its radius is still over twice as great as the 
Kothari minimum for bodies of its mass, and so the star will be able to remain 
luminous for some while with energy liberated by contraction. The future 

*“‘Cold”’ matter may be defined as matter in such a state that all the free electrons 
have energies governed by the Fermi-Dirac statistics. 





a > oe ee 





nuclear 
y these 
zravita- 
be that 
st itself 


s hypo- 
it on to 


he later 
1inosity 
vith the 
ire, and 
. cCOsmi- 
) retard 
tar will 
al stage 
it, just 
ar from 
c shells 
ressure. 
erpene- 
closely 
at very 
as laws 
yiven a 
sure of 
ressure 
he star 
ari has 
to the 
erge of 
degen- 





a very 
water). 
of low 
hus it 
ie per- 
ith the 
(Alter- 
rature 
und to 
ve of a 
as the 
emain 
future 


ectrons 







RECENT DEVELOPMENTS IN ASTRONOMY 77 





evolution of the sun on these considerations is shown in Fig. 1. It is found that 
the time taken for the contraction from the head of the main sequence to the 
white dwarf stage is a very small fraction of the total life of the sun; this 
explains why very few stars are found in the transition region of the Russell 
diagram. 
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(It will be noticed that above a certain mass, the Kothari radius is zero. 
Clearly this is impossible, and a possible view is that above this critical mass, the 
external pressure is sufficient to bring the nuclei so close together that coulomb 
repulsion is overcome, and the attractive forces between like charges at very 
small separations causes the nuclei to fuse together into one massive nuclear 
substance. It is suggested that the great energy liberated by this process may 
serve to explain supernovae. However, difficulties are met with, and as the 
hypothesis has not been satisfactorily examined, it must remain, at the moment, 
speculative.) 

The above theory of the mode of generation of energy by stars, while of 
interest in itself, has some important consequences in other branches of astro- 
physics. The first important conclusion is that the point-source stellar model 
would appear to be nearest to the truth. In considering a star as a sphere of 
gas in equilibrium between thermal and radiation pressures eutwards and 
gravitational attraction inwards, it is of some importance to decide throughout 
what proportign of the star’s bulk is energy being generated; the truth will lie 
between the two extremes of the uniform model, where generation of energy 
occurs equally in all volume elements of the star, and the point-source model 
where the energy generation is confined to the geometrical point centre. We 
know that the temperature in any model must decrease as we proceed outwards 
along any radius, and hence the very high temperature dependence of these 
thermonuclear reactions* indicates that the generation of energy will be 


* Rate of reaction approximately aT". 
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confined virtually to a very small high temperature volume in the star’s centre, 
i.e., the truth approximates to the point-source model. Secondly, we conclude 
from these ideas that no elements heavier than helium can be built up in ordinary 
stars. This is due to the fact that all elements up to boron are disintegrated by 
proton bombardment rather than built up by selective capture, and for heavier 
elements no transformations occur. Production of neutrons is likewise 
negligible. The heavier atoms found in stars must; therefore, have existed 
when the star was formed. This conclusion represents a very real difficulty, 
going, as it does, against all previously-formed ideas on this matter, and has led 
some writers to question exactly how far thermonuclear theory can take one. 

It is in this question of range of application of the principles that most 
divergence of opinion occurs. On the essential truth of the fundamental 


conceptions there can be little doubt; they follow as a direct and certain con-_ 


sequence of our previous knowledge of atomic physics and stellar constitution. 
In the actual details, errors may occur. For example, Hoyle® has recently 
given reasons for believing that the hydrogen content of normal stars may be as 
much as 99 per cent. at condensation. Bethe, in calculating the rate of energy 
generation from the C-N-cycle, used a hydrogen content of 35 per cent., and it is 
possible that the agreement may be radically destroyed by having to assume a 
much higher proportion of hydrogen. In any event, it is clear that complete 
answers to the diverse problems of stellar interiors will only come from a 
synthesis of the old hydrodynamical methods of examining stellar constitution 
with the new, but fundamentally equally well established principles of thermo- 
nuclear reactions. 

It is hoped by the author that the above brief synopsis has given some 
insight into these important new ideas that are entering astrophysics and 
bringing the physicist and the astronomer into ever closer identity. 

One last note of especial interest. The discussion of the evolution of the 
sun has shown that, contrary to the old ideas, the sun, far from cooling, is in 
fact heating up at an ever increasing rate. Doubtless in the early stages, the 
normal course of evolution of biological species (if not interfered with) will 
enable life to keep pace with the relatively gradual changes, but one can hardly 
conceive life existing at the temperature of boiling water (and the surface of 
our Earth will reach such a temperature at some remote future), and the rapid 
changes in the final stages of the sun’s life as a hydrogen-using star will produce a 
critical condition for life. It is interesting that Professor Gamow has said® that 
this is a ‘condition that can be foreseen in time and possibly avoided by the 
colonisation of Neptune.’’ Such a step could not alter the course of nature that 
must, eventually, render our own solar system impossible as a habitation for 
life, but it would delay this end, and, given time, who can say what human 
endeavour may not achieve? 


III. Extra-Solar Planets 

One of the most intriguing of recent astronomical discoveries is that of some 
so-called extra-solar planets, and information of the actual work done should be 
given, if only because of the publicity given to the discovery in non-technical 
sources. 
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The first definite knowledge of bodies of planetary mass associated with a 
star other than the Sun was reported by Strand.” The star concerned was the 
double star 61 Cygni, one of our nearest neighbours in space and one of the first 
stars whose parallax was measured (by Arago in 1812). 

Strand had measured a large number of photographs of the double star taken 
at Potsdam, Lick and Sproul Observatories, with the intention of deriving 
accurate elements for the orbits of the two components. He found, however, 
that the observed positions could only be accounted for by supposing that a 
third, invisible, component was causing perturbations in the system. This, in 
itself, is not particularly remarkable, but the strange fact emerged that the 
only solution of the dynamical problem gave the mass of this unknown body at 
the remarkably small value of 0-016 that of the Sun. With amass so very much 
less than that of the lightest known star (Kriiger B, M = 0-14 that of the Sun) 
its intrinsic luminosity must be very low, and it may be considered therefore 
as akin to a planet. It is not possible, from position measures, to say with 
which component this body, X, is associated, but owing to the fact that the 
masses of the primary stars are nearly equal, this does not affect the estimate of 
the mass of X. Russell believes that spectroscopic observations may be able to 
settle this question, provided that high enough dispersion can be used, by 
detecting the differential effect of X on the radial velocities of the primaries 
(Av =1 km/sec.). The semi-major axis of the planetary orbit is 00°-70 
apparent, or 2-4 astro units; with large eccentricity, the periastron distance is 
only 0-7 astro units. 

The possible physical characteristics of X have been examined by Russell.” 
Firstly, the size of the body can be set between two fairly wide limits. If the 


-body were completely cold, its radius would be the minimum as given by the 


Kothari formulae.?- This minimum depends largely upon the constitution of 
the body; it is 0-113 for hydrogen, 0-052 for helium, 0-036 for oxygen, 0-024 for 
iron, etc. Russell assumes that, lik. the stars, sun and major planets, X prob- 
ably contains a large proportion of nydrogen and helium, giving a minimum 
radius of about 0-1 in solar units. The maximum is set by gravitational and 
dynamical stability, and is given by Russell as 10. At the minimum radius, X 
would be almost, but not quite, completely degenerate (see section IT), and at 
absolute zero of temperature. The presence of the hot primaries clearly 
prevents this condition, and for radii more than_twice the minimum, the gas 
laws are approximately valid. It is here that the great distinction between X 
and the solar planets appears; the latter are not sufficiently massive for 
degeneracy to have set in, and hence the atoms are not disrupted, and at 
their high densities these planets behave as ‘‘solid matter’’; the higher mass of 
X ensures partial degeneracy and the gas laws can be applied at high densities: 
Thus in respect of its internal constitution X resembles a stay more than a 
planet. 

To obtain some idea of internal temperatures, Russell puts R = 0-25, yield- 
ing a central temperature of 10* degrees. Under such conditions, the heavier 
atom would be highly ionised throughout the interior, and ordinary theories of 
stellar constitution would apply. To estimate the effective surface temperature 
Russell assumes a stellar model similar to that of the Sun, and finds for light 
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elements a value 100°-300° K, while for heavy elements the surface temperature 
may be as high as 900° K. Since a body becomes self-luminous at about 
700° K, the question of self-luminosity depends upon the chemical composition 
of X. As in any case, it appears unlikely that a high proportion of heavy 
elements will be present, we can fairly safely assume X to be a dark body. By 
assuming an albedo comparable with that of Jupiter, the solar planet which 
_ (presumably) X resembles to the greatest extent, Russell concludes that its 
absolute visual magnitude due to reflected light is about + 20, giving an 
apparant visual magnitude when viewed from the Earth, of + 18}. Thus X 
would be just observable with terrestrial instruments if the light of the primaries 
could be obscured. The physical calculations made above must be taken with 
reserve, as X is in such a condition that accepted and proved physical principles 
have had to be extrapolated to a stage where they are likely to be on the verge 
of breaking down. Withal, it appears that in its internal constitution X 
resembles a star rather than a planet. At the same time, X is probably not 
self-luminous, and shines by reflected light, in this respect resembling a planet. 
Having physical characteristics lying between those of the lightest star and the 
heaviest. planet, it is a matter of choice or definition into which class of objects 
X is placed. 

Since Strand’s discovery, Reuyl and Holmberg” reported a similar com- 
ponent of the double star 70 Ophiuchi. Data of this object are less certain 
owing to difficulties in the dynamical problem, but it appears to have a mass of 
about 0-008—0-012 solar units, and will in its physical nature closely resemble the 


third component of 61 Cygni. 
It is, of course, in no way significant that both discoveries should have 


been concerned with double-star systems; it is, at the moment, possible to- 


detect such a body of planetary mass only by the perturbations it causes in the 
orbits of a binary system; with present methods, it is doubtful if the periodic 
perturbations in the random motion of a single star, successful in the case 
of Sirius B, a body of stellar mass, could be used for bodies of planetary 
mass. Also, the fact that the first two extra-solar “‘planets” have been of 
heavy mass must not lead to the belief that in some way solar planets are 
“under weight’’; the detection is by no means easy, and naturally the first to 
be discovered would be those having the greatest perturbing effects. One fact 
that may prove significant is that planets have been found associated with two 
of the Sun’s nearest neighbours in space. This immediately raises the question 
of the frequency of planetary systems, for if we take these preliminary results 
as being, not peculiar, but indicative of the order of magnitude of the space 
derisity of such systems, then we must recognise that no theory of their origin 
(supposing that they all have a similar origin) involving stellar ‘‘collisions” 
or close approaches can be accepted, as the probability of such encounters 
would yield a density vastly smaller than that indicated by these preliminary 
results. However, with our present state of knowledge, such a_ discussion 
is speculative and too much weight should not be attached to it. At 
any event, the existence of these bodies may, in the far future, prevent 
the name of our Society imposing any restriction upon the scope of its 
activities. 
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IV. Stellar Magnetism 

Of the recent discoveries of astronomical importance, the one that seems to 
promise the most far-reaching effect is the detection of magnetic fields in certain 
stars. . 

We know of two astronomical bodies that possess magnetic fields—the Earth 
and the Sun. The magnetic field of the Earth is detected and examined by 
means depending upon the presence of observers upon the surface; such means 
are, so far, not applicable to any other body. The general magnetic field of the 
Sun is detected by spectroscopic methods depending upon the self-luminosity 
of the Sun, and not applicable with the same precision to the stars owing to their 
exceedingly small apparent diameters. The only method of detecting planet- 
ary fields (by Zeeman effect on the absorbtion lines of their atmospheres) is too 
insensitive to be able to detect fields of the expected order of magnitude. We 
are thus in the position of having found magnetic fields on the only two astron- 
omical bodies on which they could be measured. 

The Sun is, we know, in no way an exceptional star, and we may expect 
magnetic fields to exist in some, if not many, stars. However, experimental 
check is difficult, and with present equipment we could not detect stellar 
magnetic fields of the same order of magnitude as the solar one (i.e. 50 gauss 
polar field). Now the Sun has an equatorial speed of rotation of 2 km/sec. and 
as magnetic fields are associated with the motion of charged particles, we might 
expect the large fields to be associated with stars of high rotational velocity. 
We detect such stars spectroscopically by the characteristic profiles of their 
absorption lines (i.e. the characteristic way in which the intensity of the line 
varies with wavelength in the region of the primary absorption wavelength). 
Although the projected disc of the star is far too small to be seen in the telescope, 
the change of wavelength of the absorbtion line with relative velocity (Doppler 
effect) from each element of the disc combine to form a characteristic flat, or 
“dish-shaped”’ profile that can serve to identify stars of high rotation. (In 
practise, the matter is less simple as the line-profile is affected by many factors, 
but by examining many lines the different effects can be separated). 

Having decided to search for stellar magnetic fields in rotating stars, we 
discuss the method of detection, which depends on the Zeeman effect. If atoms, 
emitting or absorbing characteristic frequencies (line-spectrum) are placed 
in a strong magnetic field, with the simple (mis-named “‘normal’’) Zeeman 
effect each line is split into separated components; if viewed perpendicular to 
the lines of force, one undisplaced and two displaced components are seen, 
the centre plane polarised in one sense, the two outer components plane 
polarised in a perpendicular direction ; if viewed parallel to the lines of force, the 
central undisplaced component is missing, and the two outer components are 
now circularly polarised in opposite senses. The displacement of these com- 
ponents is proportional to the surrounding magnetic field. To give measurable 
displacements, high fields are needed (the actual size depending on experi- 
mental conditions). (In actual practice, in the majority of cases there will be 
the ‘“‘anomalous” Zeeman effect where more than three components are formed, 
bearing some relation in respect of displacements to the simple phenomenon.) 


Thus, in order to detect stellar fields by the Zeeman effect, we require (1) high 
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dispersion to detect small displacements, (2) large fields, which we expect to 
find in rapidly rotating stars, and (3) narrow spectrum lines so that components 
are easily separated. A difficulty is now apparent, namely, that in just those 
stars where we expect an appreciable Zeeman effect, we find broad lines, con- 
tradicting condition (3). 

The first successful detection of a stellar magnetic field has recently been 
announced by Babcock," in the class A2 star 78 Virginis. Babcock used the 
statistical fact that high rotations are found in stars of spectral classes B, A and 
early F, as a general rule. However, a small minority of these stars show fine 
lines; Babcock and others have interpreted this as arising out of random 
orientation (with respect to the Earth) of the axes of rotation of these stars, 
these “narrow line” stars being those whose axes point, fortuitously, in an 
earthward direction. Babcock thus used these stars as stars of high rotational 
velocities exhibiting the requisite narrow lines. 

Observation is restricted to viewing parallel to lines of force by this state of 
affairs. The two circularly polarised components were separated by using a 
quarter-wave plate followed by a double-image crystal. The space separation 


of the two stellar images is proportional to the crystal thickness; both images” 


fell on the slit of the high-dispersion spectrograph at the Coudé focus of the 
100 inch telescope, giving two spectra side-by-side, one in right-hand polarised 
light, the other in left-hand, with a dispersion of 2:9 A/mm. Comparison iron- 
arc spectra were provided, and Babcock found a small but systematic relative 
displacement in the lines of the spectra of the two images. 

Babcock calculated the appropriate formula on the assumptions (i) that the 
rotational and magnetic axes coincided, (ii) that the star was spherical, (iii) that 
the coefficient of limb-darkening was 0-45, and (iv) that the field was that of a 
uniformly magnetised sphere. The formula he gave for the apparent displace- 
ment of the centre of the line in each spectrum was AA = 1-45 x 10-° EA® M, 
where E is a factor a little less than unity. He examined about a 100 lines of 
the stellar spectrum, and from the distribution in wavelength of the observed 
displacements, he came to the conclusion that a definite Zeeman effect was 
present corresponding to a polar field of about 1500 gauss. No estimate of 
probable error is given, but the uncertainty is indicated by the fact that a field 
of 500 gauss could only just have been detected, not measured. Although the 
polarity depends upon the type of field assumed, it is evident by virtue of the 
detection that the field of 78 Virginis has a definite polarity ; it is thus a general 
field of the star, and not due to “‘star-spots’” (analogous to sun-spots, where 
high fields occur, but usually in pairs of opposite polarity, so that no general 
field is imparted to the Sun as a whole by them). This field must be analogous 
to the much smaller general field of the Sun. 

The importance of Babcock’s work lies, not only in its interest as an experi- 
mental achievement, but also in its fundamental physical consequences recently 
discussed by Blackett. If we assume that we have a rotating body whose 
angular velocity, mass and radius is known, we may find its angular momentum 
U and magnetic momentum P, if it has a known magnetic field. It is natural to 
compare the ratio P/U with the similar ratio for the circulating electron of the 
hydrogen atom, i.e. the Bohr magneton = e/2mc = pw. Using the data for the 
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Sun, we find that (P/U)/p = 1-08 x 10-, close to the well-known dimension- 
less ratio mG*/e, e, m, being charge and mass of the electron respectively, and G 
the Newtonian gravitation constant. We may thus write P/U = 8 mG'y/e, or 
P = BG'U/2c, where c is the velocity of light and f a factor of order unity, for 
*the case of the Sun. The significant fact is that, using statistical means of A2 
stars for the quantities mass, radius and angular velocity, 78 Virginis also 
fits in well with the above formula, with 8 =1. In the case of the Earth, 
whose internal constitution differs radically from the more massive stars, £ is 
found to be about } for agreement with the formula. We thus have a rough 
verification of the formula for the only three bodies on which magnetic fields 
have been detected. How much significance are we to attach to this fact? The 
determination of H for 78 Virginis is highly approximate; the measurement 
itself is of extreme delicacy, the associated theory is idealistic and would 
certainly not be met with in practice, and further the associated data needed for 
the calculation is only as accurate as such statistical data can be. Against 
these objections, we must realise that the range of H covered is 2500: 1, while 
the range in P and U is nearly 10*:1. In Professor Blackett’s words,” “‘It is 
considered that the chance that these new results are due to numerical accident 
is small, and consequently that the relation must be taken to have some profound 
physical significance.” It is tempting to suppose that all massive rotating 
bodies are magnets, with fields given by the above equation. Difficulties are 
met in the difference in value of 8 for the Earth and the stars measured, and 
also in the obliquity of the magnetic axes to the axes of rotation, in the case of 
the Earth and Sun, but these difficulties may be resolved by the explanation of 
superimposed local variations of a subsidiary field. Since the publication of the 
original paper and Blackett’s discussion, Babcock has announced the discovery 
of magnetic fields on some other stars (notably y Equulei, 8 Corona Borealis, 
and HD 125248,1*) but so far, no details of agreement with the formula have been 
published. If they are found to agree, then we have, not only a general result 
of great interest, but also a possible experimental link, long awaited, between 
electromagnetic and general relativity theory. 

Blackett considered some further applications. Stars are known which 
have high temperatures, yet low intrinsic luminosites. These white dwarfs are 
believed to be a collapsed state, giving high densities (e.g., 30,000 that of water 
for Sirius B). If, as is plausible, it is suggested that these white dwarfs have 
in some way collapsed from normal stars, we may associate with each an angular 
momentum of the same order as that of the Sun. Combined with their small - 
radius, this would give fields of the order of 10* gauss. One characteristic of 
white dwarfs is that they show spectra containing broad Balmer lines in 
emission. The broadening is usually attributed to inter-atomic Stark effect, 
thus indicating high pressure, but Blackett suggests that it may in part be due 
to large Zeeman effect (which in such stars would, at any conceivable speed, 
produce greater width than Doppler effect). In support of this supposition is 
the fact that these lines frequently show a fine central core, difficult to explain 
as a pressure effect. but plausible as the central line of a triple Zeeman pattern. 
Clearly polarisation measurements on white dwarf spectra are needed, and an 
attempt has already been made at Cambridge by Thackeray’’ on the white 
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dwarf Wolf 1346, using a 36-inch reflector. Pairs of spectra of the white 
dwarf and a field star were then taken with and without the polarising analyser, 
exposures being from 20 minutes to 2 hours. Some evidence of fine-structure 
for some of the lines was found, but the standard error, + 8A, was of the same 
size as the predicted broadening. Thus the results of this attempt are incon-+ 
clusive, but, as far as they do go, they do not appear to confirm a magnetic 
field of the implied order. A further attempt by Thackeray on 40 Eridani B 
using the 25-inch refractor was vitiated by unfortunate weather conditions. 
Further work of a similar nature is therefore urgently needed. 

A further direction of extension of the range of the formula is clearly 
measurement of the fields of the planets, and more particularly the Moon, and 
the most promising, and indeed the only line of approach to this problem seems 
to be the approach of the BIS and kindred bodies. It is indeed encouraging to 
read Professor Chapman’s note in Nature'® where he draws this obvious con- 
clusion. In the case of Jupiter, the field would lie, according to the formula, 
between 50 gauss (8 = $) and 100 gauss (8 = 1). With present technique, this 
value is well below that detectable by Zeeman effect of the methane absorbtion 
bands of Jupiter’s atmosphere. Perhaps we shall not know the truth about the 
magnetic field of Jupiter until the first Jovian space-ship carries magnetic 
instruments to the neighbourhood of its surface. 


V. The Identification of the Coronal Emission Lines 

The corona surrounding the Sun consists of an approximately spherical 
“halo” with faint streamers, extending a solar diameter or two above the visible 
solar surface, the general shape of the corona showing a marked dependence 
upon the phase of the sun-spot cycle at the time of observation. Until 1930, 
observations could only be made during the few brief minutes of a total solar 
eclipse. In spite of this fact, much observational material was accumulated. 
With the coming of the coronograph used by Lyot, Waldmeier and others, 
observation of the corona became possible in broad sunlight, and, although the 
inner corona is only to be seen when the sky brightness is low, the coronagraph 
has enabled much more extensive observations, particularly of fairly rapid 
coronal variations, to be made. The radiation from the corona is complex; 
the spectrum of the inner corona is mainly continuous and radially polarised 
with a number of bright, unpolarised emission lines superposed, the solar 
absorption lines being noticeably absent, but reappearing in the spectrum of 
-the outer corona. The total radiation from the corona is very variable, but is 
about one third that of the full moon. 

This section is concerned with the problem of the bright emission lines, 
which are definitely not present in the chromospheric radiation. There are 
about 20 of these lines, the most. conspicuous being AA 3388 (ultraviolet), 5303 
(green), 6375, 6702 (red), 7892, 10,747, 10,798 (infra-red), The green line is 
usually the strongest, but relative intensities vary in place and time. In 
particular, the rate of decrease of intensity with distance from solar centre is 
not the same for all lines, and their behaviour in this way has enabled a rough 
classification to be made, a given group with common behaviour probably 
belonging to a specific excitation. Lines must thus belong to several atoms, 
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the same atom excited to different stages, or to different excitation mechanisms. 

In the problem of identification, we find a superficial resemblance to the 
problem of the nebular lines, whose origin was elucidated by Bowen in 1927. 
Just as these lines were at first attributed to an unknown element “nebulium,” 
so the first explanation of the coronal lines was the postulated existence of 
“coronium.”” Such an explanation being inherently unsatisfactory, other hypo- 
theses, such as the existence of argon, atomic Raman effect, doubly excited helium, 
hydrogen molecule, etc., were suggested. When none of these theories proved 
acceptable, it was natural to turn to the study of “forbidden transitions’’* in 
known elements, by which study Bowen had solved the nebulium problem. Here, 
however, a curious circumstance appeared. Normally, as in the nebular lines, 
forbidden transitions give very sharp lines, whereas in the coronal spectrum 
the lines are very broad. If their diffuse nature is interpreted as due to Doppler 
broadening (and the line contours resemble the characteristic Doppler contour) 
caused by molecular velocities, a temperature of the order of a million degrees 
is indicated. It further seemed unlikely that the metastable states could avoid 
depopulation by absorption of solar radiation for sufficient lengths of time to 
allow of emission transitions. This latter difficulty decreases as the degree of 
ionisation increases, but it was originally assumed that no ionisation higher 
than 3-stage would occur in the corona. Early attempts at analysing 
forbidden transitions were thus among the relatively little-ionised atoms N II, 
Fe II, and Fe III,¢ and they proved unsuccessful. 

The first hint that the search should be directed to very high ionisation came 
in Grotrian’s discovery, in 1939, that the wavelengths of the coronal lines 
AA 6374, 7892 coincided with term separations in Fe X and Fe XI respectively. 
The energy levels of these atoms had been determined by Edlén’s experimental 
work in the ultraviolet spectra of these atoms, although radiations of these 
wavelengths had not been observed, in the laboratory. Edlén, using some 
unpublished measures of his own, found similar coincidences in Ca XII and Ca 
XIII. The accuracy of the coincidences is of necessity rather poor owing to the 
inevitably wide tolerances when working in wavelengths of the order of 100 A, 
and by themselves could not be considered conclusive. Further, experimental 
measures on atoms of higher ionisation are not available. The important and 
decisive fact is that if it is now assumed that the above identifications are 
correct, it is possible to extrapolate with fair accuracy to higher ionisations, and a 


* When reading this section, it is well to bear in mind the picture of the atom as having a 
number of possible energy states of different resultant energies, the lowest energy levels being 
separated by greater energy differences than the states of higher energy. An atom may pass 
from one energy state to a state of higher energy, by the absorption of a quantum of radiation of 
appropriate wavelength, and alternatively may jump spontaneously in the opposite sense by 
emission of radiation. The lifetime of the atom in most excited states (i.e. in states of energy 
greater than the minimum possible) is short, the atom spontaneously radiating. In certain 
excited states, metastable states, the lifetime is much longer, and the atom has time to absorb 
energy and become further excited without radiating. Thus, under normal conditions, no 
vadiation is emitted corresponding to transitions from such .metastable states. However, 
under certain conditions, especially that of low pressure, the atom is unable to absorb energy 
frequently, and a proportion of atoms will be left in the metastable state long enough for radiation 
to occur, and thus under these conditions ‘‘forbidden transitions’ occur. 


+ In the notation used, which may be unfamiliar to some readers, the neutral atom is 
designated I, the singly-ionised atom by II, the doubly-ionised atom by III, etc. 
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more or less complete identification of the coronal emission spectrum carried 
through. 

The process of calculation consists of extrapolating the known energy levels 
of observed atoms along isoelectronic sequences to higher ionisations. From a 
elementary knowledge of atomic structure it is easy to see that elements with 
the same number of electrons form series (for example Al I, Sill, ...... Se IX, 
ais SER Sia Fe XIV,Co XV, _ ....), the arrangements of the electrons about the 
nucleus being: similar in all members of the same series, the difference in energy 
levels being primarily due to the gradual increase of nuclear charge. In a 
general way, it can be seen that some kind of extrapolation along such series 
will yield values of energy levels of atoms unobtainable in the laboratory, and 
the assumption of the above probable identifications means that the energy 
levels of atoms as highly ionised as Ca XIII are known with far greater accuracy 
than is obtainable with these atoms in the laboratory, hence giving a useful 
starting point for extrapolation to high ionisations. In fact, the process of 
extrapolation is far less simple than this qualitative account may seem to 
indicate. The greatness of Edlén’s work lies in the laborious and logical 
development of the extrapolation, rendered difficult in particular because of the 
progressive change of type of electron coupling as the atomic number increases 
along a given series. I emphasise this point lest my omission of details of the 
identification (of interest only to the theoretical spectroscopist, and unsuitable 
for such a general account as this) should give the impression that the process 
of calculation was easy and straightforward. In fact} the matter is far the 
reverse; those who wish to pursue the matter further can refer to Edlén’s 
George Darwin Lecture to the Royal Astronomical Society in October, 19451) 
or, for a more elementary account, to an exceptionally useful article by Swings* 
(to which article the author is indebted for much of the information and style 
of presentation of this section). In this way, Edlén was able to predict with 
fair accuracy, the energy levels of the atoms of iron, nickel and calcium up to 
Fe XV, Ni XVI, Ca XV. On doing so, he found that all of the coronal lines 
except six (four of which are very faint, and probably due to rarer atoms) 
coincided within the experimental limits with possible transitions in these 
atoms. 

The fact that the assumption of high ionisations in only three elements, just 
those common in the Sun’s outer regions, yields an almost complete representa- 
tion of the coronal emission spectrum would appear to be definitive, as one 
could hardly imagine that mere chance could account for it. It is appropriate, 
nevertheless, to consider possible checks on this hypothesis, and naturally the 
first line of discussion will be on the relative intensities of the lines. The 
intensity of a given line will be proportional to the number of transitions per 
unit volume per unit time giving rise to the particular line. This in turn will 
be proportional to two factors, the first being the probability P’ that a single 
atom in the required initial state will undergo the relevant transition. The 
second factor is the total number of atoms entering the required initial state 
per unit volume per unit time, m. Now two opposing tendencies are at work. 
There is the tendency for an atom to absorb energy, by radiation absorption 
or by collision, so putting it into the initial state for the transition being 
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considered. Let m atom enter the chosen state in this way per second. The 
other tendency is for an atom already in the metastable initial state to leave it 
before the transition has taken place. The metastable state may be depopu- 
lated by (i) spontaneous transitions of probabilities P’, P’’, P’’’, etc., (ii) by 
exchange of energy by collision, depopulating C atoms per unit volume per 
unit time, (iii) by absorption of solar radiation depopulating A atoms per unit 
volume per unit time. Clearly the result of these combined processes is that 
man/(P’+ P’’ +P’ +........ + A-+ C) and intensity lanP’/(P’...... 
+A-+C). This formula would be useful for comparing, with arbitrary units, 
the intensities of the same line under different conditions. However, we wish 
to compare the intensities of two different lines, and we compare intensities by 
the total energies of the lines. The energy E of a transition giving rise to a line 
of frequency f = hf where A = Planck’s constant, or, using the more convenient 
wavenumber N = //(vel. of light) we see that IcN. Thus, finally, lanNP’/(P’ 
OS ake kes +A-+C). 

The values P’, P’’ etc., for the various transitions can be calculated with 
fair accuracy, and it is of interest to note that for the coronal lines these pro- 
babilities are very much greater than those for the nebular lines. The values of 
A and C depend largely upon external physical conditions. In general, with 
these highly-ionised atoms, the energy difference between the initial metastable 
state and the neighbouring state is relatively large, corresponding to wavelengths 
shorter than 400 A, and as the intensity of solar radiation is probably very small 
in this region of the spectrum, we may neglect depopulation by absorption of 
solar radiation. We thus see that the assumption of high ionisation immed- 
iately renders invalid the principle objection that can be levelled against the 
hypothesis of forbidden transitions as origins of the coronal lines. In a 
similar manner, it can be shown that de-excitation by collision is also negligible. 
The only remaining factor to determine is », the number of excitations per unit 
volume per unit time. The number due to collisions with electrons can be 
calculated by assuming an electron velocity distribution corresponding to an 
effective electron temperature T,. It is well to remember that, unlike condi- 
tions in nebulae, excitation by absorbtion of radiation is probably not negligible, 
but no attempt is made to estimate this contribution to ». The results of 
Edlén’s calculations are:— 


(i) that the observed relative intensities of lines of different ionisation 
stages indicate an ionisation maximum in stages XIII to XIV. 


(ii) relative intensities of iron and nickel lines are compatible with relative 
abundances of these elements in meteorites and other cosmical sources, 
and 


(iii) that intensity ratios are consistent only if an electron temperature 
T, ~ 250,000° C. is assumed. This extremely high temperature 
at first sight seems impossible, but it should be remembered that the 
initial assumption of high ionisation would require some such tempera- 
ture, and also (a much more cogent argument) we ceuld have predicted 
such a value from the already mentioned large widths of the coronal 
lines. 
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The identifications are found to fall into well-defined groups, and these 
groups are, when translated into lines produced, just those groups determined 
observationally by Lyot from the variations in intensity of the coronal lines over 
the visible corona. 

Edlén’s brilliant work on the calculation of energy. levels in these highly 
ionised atoms and the connection with coronal emission lines combined with 
physical observations of the lines themselves builds up a picture of the corona as 
consisting of atoms which have lost something like 16 electrons, existing at a 
temperature of the order of 250,000° C. We must now consider how this 
conclusion fits in with other observed phenomena, and discuss possible explana- 
tions. 

It is known that hydrogen is by far the most abundant element in the solar 
atmosphere, and presumably it is also abundant, in the ionised form, in the 
corona. The capture of electrons by these hydrogen nuclei (protons) should 
give rise to the Balmer lines in emission (or, possibly, absorption). Their 
absence from the spectrum of the inner corona can be interpreted as an effect of 
the high temperature which would tend to prohibit such captures, and mathe- 
matical analysis of this fact alone would have indicated a temperature of the 
same order as that subsequently found.* 

As well as its bright emission lines, the corona exhibits an intense continu- 
ous spectrum. The polarisation of this radiation indicates that it is due to 
scattering of sunlight by free electrons; the absence of the prominent solar lines 
is but another effect of the high temperature Doppler effect, but since the 
scattering electrons are much lighter than the atoms, their velocities at the 
coronal temperature are proportionately greater, and the broadening is sufficient 
to supress the individualities of the lines. Estimated temperature from this 
effect is ~ 400,000° C. 

Finally, on the assumption of scattering of, photospheric radiation as origin 
of the continuous spectrum, a distribution of electron density in the corona can 
be calculated. This distribution must be supported by thermal diffusion 
against mutual gravitation, and equilibrium is only possible at about 1 million 
degrees. 

It should be realised that, high as the coronal temperature is, it could be 
maintained by a total energy of 10-* of that radiated by the Sun. 

Alfvén” one of the first to give a plausible theory, supposed that the heating 
mechanism was caused by electrical effects of dynamical motion of solar matter, 
in particular the vortical motion around sunspot areas. These motions of 
ionised materials must set up potential differences in the solar surface, which 
may give rise to electrical discharges above the solar surface. Quantitative 
calculations show that p.d’s of 10” volts are possible, so that electrons accelerated 
through fractions of these potentials may attain very high energies. Alfvén sees 
here the explanation of the prominences (which are certainly most satisfactorily 
explained as some form of electric discharge). In common with other writers, 
he believes that the chromosphere is a multitude of small prominences, and a 
large number of high energy electrons is to be expected. 


* Lyot has recently observed the H« line in the corona with intensity 10-* that of the 
green forbidden line. Further relative intensity measures would be of great interest. 
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Menzel has proposed a rather different mechanism’. The interior of the 
Sun is at a far higher temperature than the surface, and in these internal regions 
atoms with high energies and high ionisation are inevitable. It is suggested 
that matter from the interior is ejected in localised regions in the form of jets 
(“solar volcanoes‘) which, on reaching the surface, cause high temperatures and 
ionisation until cooled by expansion, and by radiation as coronal lines. Vegard 
has amplified this idea by suggesting that the mechanism of repulsion of highly 
ionized ions is through electric fields resulting from the photoelectric effect of 
soft X-rays. 

Finally, we come to the recent suggestion by Saha® that the highly ionized 
atoms emitting the coronal lines are fragments of innumerable nuclear fissions 
occurring somewhere near the solar surface. The fissions required to produce 
elements such as Fe and Ni are multifold fissions, produced by neutron 
bombardment, of U**®, U8, Pa®8! and Th***. Although energetically possible, 
these processes have ‘not been observed in the laboratory. From the 
astrophysicists point of view, there are two difficulties. It is hard to believe, 
although not perhaps absolutely impossible, that sufficient atoms of these 
heavy elements would be available in the Sun, and, in view of the extreme ease 
with which neutrons are captured by almost.all elements, the continuous supply . 
of neutrons that is required would seem an impossibility.* 

There the matter must, at the moment, rest, for, in Edlén’s own words, 
“Before the various suggestions have been thoroughly examined it would be 
unwise to judge in favour of the one or the other. In that respect the physical 
explanation of the solar corona remains a mystery.”” The importance of Edlén’s 
work lies in the definition of certain fundamental aspects of the problem and 
must rank equally with Bowen’s triumph in that reduction of the spectroscopic 
problem of the nebulae. 


VI. Satellite Atmospheres 


Considerable interest attaches to the discovery recently by Gerard P. 
Kuiper of the existence of an atmosphere on the Saturnian satellite Titan. The 
discovery was made during a spectroscopic examination of the ten largest 
satellites of the solar system, undertaken at the McDonald. Observatory.™ 

A number of high- and low-dispersion spectra were taken of the satellites, 
and also of Jupiter, Saturn, Uranus, Neptune and Pluto. The line A 6190 A due 
to methane was prominent in the spectra of Jupiter, Saturn, Uranus, Neptune 
and Titan, in marked contrast to the spectra of Rhea, Tethys, Dione and the 
Jovian satellites. However, a faint suspicion of its existence in the spectra of 
Triton is reported. Following this work Kuiper extended the spectra of Titan, 
Triton and Jupiter III into the infra-red, and, in view of the fact that the 
instrument was not designed for such a range, satisfactory definition was 
obtained. The infra-red methane line A 7260 A was noticeable in the spectrum 
of Titan, doubtful for Triton, and definitely absent in Jupiter III even after the 
long exposure of 100 minutes. (The Titan spectrum may also show the 


* Dirac’s suggestion that the f-rays emitted by the fission products of Saha’s theory 
may be identified as the high energy particles required for the explanation of terrestrial 
auroral effects is interesting. 
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ammonia band round A 6400 A, but further confirmation is needed). There 
appeared a close resemblance between the spectra of Saturn and Titan, although 
the CH, bands of Titan were noticeably weaker. The colour contrast between 
Titan (orange) and Saturn (yellow) was clearly shown, as was the similar con- 
trast between Saturn and its (yellower) rings; the spectra of the rings of Saturn 
showed, as expected, no trace of any atmosphere. Thus, with the reservation 
regarding Triton stated, it would appear that Titan is the only satellite with an 
atmosphere detectable by the means employed, The thickness of this atmos- 
phere is of the same order as, but somewhat less than, that of the observable 
layers of Saturn, for which Slipher and Adel have estimated 0-5 mile-atmospheres 
of methane gas. 

It is of special interest that this atmosphere contains gases rich in hydrogen 
atoms; such gases had previously been associated with bodies having a large 
surface gravity. Hence it is worth examining semi-quantitatively the stabili- 
ties of postulated atmospheres of the various bodies examined. The velocity of 
escape of a molecule from a body of mass M and radius R (in units Earth = 1) is 
given by 1/M/R x 11-3 km/sec, while the root mean square molecular velocity 
for a molecule of molecular weight yz at a temperature T is proportional to 
\/T/w. According to Jeans, an atmosphere of such molecules will dissipate in 
an astronomical period of time if V,, is greater than 1/10 V.. Now, pu does 
not vary greatly over the possible gases, hence we may take V,, « +/T. 
Throughout the solar system, the ambient temperature T may be taken propor- 
tional to r-* where 7 is the orbital distance in astro. units. Thus the para- 
meter V, r } will give a rough indication of relative stabilities. Table I gives 
this parameter for the various bodies examined. It is seen that atmospheres 
disappear sharply between Titan and Jupiter III, both border-line cases having 
been extensively examined. The case of Pluto is puzzling. Using its mass as 
calculated from its perturbing effect on Neptune, and its radius as calculated from 
its brightness and assumed albedo, Pluto should definitely show an atmosphere. 
The fact that it does not can, apparently, only be explained by assuming either 
a much smaller mass than 0-6 (which does not dynamically appear consistent 
with perturbations) or else assume a very low albedo, with consequent large 
radius, (which would mean that Pluto should show a disc 0-5” in diameter). 
Until this difficulty is resolved, the stability question cannot be discussed. 

The existence of an atmosphere on Titan raises a number of interesting 
questions, Firstly, it should be noted that a rise in temperature would so 
endanger the stability of the atmosphere, that doubling it from 100°-200° K. 
would jeopardise the permanence of CH, and further increase would cause rapid 
dissipation. Hence we must conclude that if Titan has passed through a 
period of high surface temperature such as is usually assumed for planets and 
satellites, then the atmosphere must have been formed subsequently. Similar 
conclusions follow with regard to Mars, Venus and the Earth, these atmospheres 
apparently escaping from their planetary crusts after these crusts had essentially 
cooled off.° Secondly, we note that temperature considerations preclude 
Titan from having been captured from a highly eccentric orbit, for it could 
not have such an atmosphere if it approached nearer to the Sun than 
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about 5 astro. units. This is confirmed by the striking contrast between the 
constituents of the terrestrial and Titanian atmospheres; the similarity between 
Saturn and Titan in this respect indicates that Titan was formed within the 
Saturnian system. 


























TABLE I 
Ve 
Satellite Primary (km/sec.) Yr Vert 
— Jupiter 61-0 5-20 92-0 
-- Saturn 36-6 9-54 64-0 
— Neptune 23-7 30-1 55-0 
= Uranus 21-7 19-2 45-0 
= Pluto. 12-9 39-5 32-0 
“= Earth 11-3 1-00 11-3 
—— Venus 10-3 0-723 9-5 
Triton Neptune 2-7 30-1 6-3 
“= Mars 5-1 1-524 5-6 
Titan Saturn VI 3-0 9-54 5-7 
Ganymede Jupiter IIT 2-9 5-20 4-3 
Callisto Jupiter IV 2-5 5-20 3-8 
Io Jupiter I 2-3 5-20 3-5 
Europa Jupiter IT 2-0 5-20 3-1 
— - Mercury 3-6 0-387 2-9 
Moon Earth 2-4 1-00 2-4 
Rhea Saturn V 0-6 9-54 1-1 
Dione Saturn IV 0-49 9-54 0-9 
Tethys Saturn ITI 0-37 9-54 0-6 
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ABSTRACTS 


Aircraft Rocket Motors 
(By A. D. Baxter, M.Eng., A.M.I.Mech.E., A.F.R.Ae.S., Aircraft Engineering, 
Aug., 1947, Vol. 19, No. 222, pp. 249-257, illus., tabs.) 

This is an authoritative account of the development of the German Walter 
hydrogen peroxide rocket motors, together with a short introduction to the 
principles involved in rockets. Fuels for use with peroxide and the various 
assisted take-off units are discussed, but the most noteworthy feature isa well- 
illustrated detailed description of the 109-509 A2 motor as used in the Me 163B 
interceptor fighter. Much information not previously released is included. 
Strongly recommended. ‘ 


The Rocket as a Weapon of War in the British Forces 
(By Sir Alwyn D. Crow, C.B.E., M.A., Sc.D. Thomas Hawkesley Lecture 
delivered at The Institution of Mechanical Engineers, Nov. 21, 1947. Abs. in 
Engineer, Nov. 28 and Dec. 5, 1947, Vol. 184, Nos. 4792-3, pp. 510-2, 532-3, 
: illus.) 

A review of the development and application of the solid fuel rocket in 
England since 1934. The 2-inch and 3-inch anti-aircraft rockets are discussed 
in detail, particularly the difficulties encountered in their development. 
The rest of the lecture deals with the 5-inch rocket, anti-aircraft weapons of all 
types, barrage weapons, airborne rockets and rockets for aircraft assisted take- 
off. 





Rockets Using Liquid Oxygen 
(By A. Busemann, N.A.C.A. Technical Memorandum No. 1144, April, 1947, 
ll pp. + 8 figs. (Trans. from Schrift. d. Deutsche Akad. d. LFF., Vol. 1071, 
No. 82, 1943.) 
A general review of the problems connected with using liquid oxygen as an 
oxidant for rockets. The handling of liquid oxygen in the motor, i.e., tanks and 
pumps and the question of chamber and nozzle cooling are dealt with. 


Diagrams of the Entropy, Enthalpy and Composition of Oil-Oxygen 
Combustion Gases and their Application to the Rocket Motor 
(By Ritter v. Stein, U.S. Dept. of Commerce Office of Tech. Services Report PB 
27738, 41 pp., May, 1946, $1. (Trans. from Deutsche LFF Forschungsbericht 
No. 1571, 1942.) 

This series of gas composition—temperature, enthalpy—temperature, entropy- 
enthalpy diagrams covers a range of temperatures from 0° K. to 6000° K. (with 
extrapolations in some cases to 10,000° K.), combustion chamber pressures of 1, 
10 and 100 atmospheres and oxygen/oil ratios from 2-44: 1 to 6-15: 1. Curves 
of exhaust velocity against mixture ratio for combustion chamber pressures of 
100 and 50 atmospheres and expansion to 1 atmosphere are also given. This 
} Teport is the most complete analysis of the thermodynamic properties of any 
rocket propellant combination so far published, and represents an immense 
amount of work. This is an “‘essential’’ for all engaged in liquid oxygen rocket 
research or development. 
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Rocket Power Plants Based on Nitric Acid and their Specific Propulsive 

; Weights 

(By H. Zborowski, N.A.C.A. Technical Memorandum No. 1145, 22 pp. + 32 

figs. May, 1947. (Trans. from Schrift. d. Deutsche Akad. d. LFF, Vol. 1071, 
1943.) 

This opens with a comparison of the three main oxidants, nitric acid, 
hydrogen peroxide and liquid oxygen, and deduces that for projectiles nitric 
acid is the best of the three. There follows a discussion of nitric acid propellant 
combinations and a comparison of different types of unit based on their specific 
propulsive weights (weight of rocket plus fuel per unit impulse.) It is con- 
cluded that pressure—gas propellant expulsion is advantageous for up to 20 secs. 
duration and turbo-pump expulsion for over 20 secs. The report concludes 
with a section dealing with outstanding research problems on nitric acid units. 


New Methods Developed for Evaluating Rocket Motors 
(Aviation Week, Sept. 29th, 1947, Vol. 47, No. 13, pp. 20-1, illus.) 

Outlines production tests used for solid and liquid propellant rockets and 
instrumentation employed in these investigations. For liquid propellant types 
a 14-channel galvanometer type oscillograph is used for motor thrust, combus- 
tion chamber pressure, ignitor pressure, wall temperature, flame temperature 
and ignitor delay; the other channels are used for additional instrumentation 
required in special tests. Probable error in data obtained is within + 2 per 
cent.; a new system under development promises an accuracy improvement 
to + 1 per cent. 


On the One-Dimensional Theory of Steady Compressible Fluid Flow 
in Ducts with Friction and Heat Addition 
(By B. L. Hicks, D. J. Montgomery and R. H. Wasserman, J. of Applied 
Physics, Oct., 1947, Vol. 18, No. 10, pp. 891-902, illus., refs.) 

Steady, non-adiabatic, frictional, variable—area flow of a compressible fluid 
is treated in differential form on the basis of the one-dimensional approximation. 
The basic equations are first stated in terms of pressure, temperature, density 
and velocity of the fluid. It is shown that, in general, a solution exists whose 
calculation requires knowledge only of the variation with position of any three of 
of the dependent variables of the system. Choking is dealt with as a special case. 


The Mechanics and Thermodynamics of Steady One-Dimensional 
Flow 
(By A. H. Shapiro and W. R. Hawthorne, J. Applied Mechanics, Dec., 1947, 
Vol. 14, No. 4, pp. A 317-36, illus., tabs., refs.) 

A one-dimensional analysis for flow without shocks is presented which takes 
into account the simultaneous effects of area change, wall friction, drag of 
internal bodies, external heat exchange, chemical reaction, change of phase, 
injection of gases, and changes in molecular weight and specific heat. The 
method of selecting independent and dependent variables, and the organisation 
of the working equations, leads, it is believed, to a better understanding of the 
influence of the foregoing effects, and also simplifies greatly the analytical 
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treatment of particular problems. Examples of various types of flow are given. 
A one-dimensional analysis for flow through a discontinuity is also presented, 
with examples. Tables for numerical solution of problems are noted below. 


Rocket Engine Developments 
(By Roy Healy, Aero Digest, Nov., 1947, Vol. 55, No. 5, pp. 38-41 + illus.) 
A review of the problems connected with the design of aircraft rocket 
motors. Propellants, combustion chambers, nozzles, injectors, ignition, thrust 
control, pumps and turbines are discussed with an enrphasis on future pos- 
sibilities. A sound, well-balanced article—recommended. 


Liquid-Propellant Rocket Power Plants 
(By M. J. Zucrow, Trans, A.S.M.E., Nov., 1947, Vol. 69, No. 8, pp. 847-57, 
' illus., refs.) 

This paper discusses some of the general features of liquid-propellant rocket 
power plants, and the propellant systems which have been developed. The 
object of the discussion is to draw attention to problems requiring solution in 
order to improve the reliability and performance of liquid-propellant rocket 
power plants. Some useful curves of liquid propellant performance datz are 
included. 


. 


NOTES AND NEWS 


Insects Survive V-2-Flight into the Ionosphere 

That living organisms have survived the penetration of the ionosphere in 
the warhead of a captured German V-2 rocket fired from White Sands, New 
Mexico, was disclosed recently, with the announcement that fruit flies, included 
in containers which held instruments and cameras installed by the Army Air 
Forces, had been recovered alive and seemingly none the worse for their 
experience. The containers were lowered successfully for the first time by 


-ribbon parachutes. 


The effect on the insects of the flight at supersonic speeds along with the 
exposure to the terrific heat and cosmic radiations of upper air regions, were 
part of experiments conducted by AAF technicians and civilian scientists co- 
operating with the AAF and the Army Ordnance Department. The latter 
agency has the responsibility for the firing of all the V-2 rockets at the White 
Sands Guided Missile Proving Ground, New Mexico. 

The flies were placed aboard the rocket by researchers from the University 
of New Mexico. Previously, there had been no opportunity to recover delicate 
instruments or live insects as the war-head had been permitted to fall freely to 
the ground and most of the instruments were destroyed upon impact. The 
development of the ribbon parachute resulted in greater efficiency in the study 
of the upper air regions through the recovery of containers placed in the 
rocket’s war-head. The containers were ejected from the missile by a mortar 
charge, permitting a small ribbon parachute to open immediately, slowing the 
container and allowing a larger ‘chute to open when the container reached an 
altitude of 100,000 feet. 
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The descent of the container took about an hour from the time it wag 
ejected from the rocket at the apex of the missile’s flight. 
The last V-2 reached an altitude of over 360,000 feet, the highest altitude 
attained by a living thing from the earth’s surface. 


Loan of Articles from Periodicals and Journals 


We are pleased to announce that photostat copies of a number of articles) 
have been obtained and may be borrowed by members. A list of articles so fa 
available can now be gbtained on application, and further supplements will be 
issued from time to time. 

It is hoped to obtain copies of all important articles on astronautics and allied) 
subjects in due course. 

A small charge of 3d. per article per fortnight, plus 24d. for postage has been 
made in order to operate the scheme. 

Copies of the present list and further information may be obtained on 
application from J. Humphries, Rodney House, London Road, Bicester, Oxon.7 


French Scientific Library 

We understand that the French Scientific Library (Institut Francaise) have 
now extended the list of periodicals they receive, and also announce that in 
the case of periodicals which are not in the Library, they are prepared to obtain 
microfilms of articles from France, and loan these, no charge being made for the’ 
service (Prev. note May, 1947, Bulletin, p. 64). 


The Strabismus Rocket 

The Strabismus rocket, which is shortly to make a third attempt to reach the) 
moon is reported to be capable of travelling at 4,000 miles a second. Instead) 
of the usual Drayton swivel-drive, it is fitted with four Gébenhausea jog-7 
studrils, one under each bovel-strut. The lunge-feeds are non-reversible, and 
are screwed under a Castleton-Revere dorman-gauge, with flexible whelve- 
pins, scuttle-edged and transfluvent. Each copple-plug fits into a Ducros} 
socket over the fudge, thus leaving the morlins free of the overhanging stipple-’ 
plunger. The nozzle-cap is made of reinforced Thalamite, and has a pum-curb, 
lanion Spring, below the starboard gizel. The weft-shutters are made of” 
calabol. Beachcomber “Daily Express.” 
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